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Abstract

Background: BackgroundIon pairs formed through electrostatic attraction between poly(ethyleneimine) (PEI) and phenylthioacetic
acid (PTA) underwent self-assembly in aqueous solution. This interaction, and consequently the structural stability of the ion-pair self-
assemblies (IPSAMs), can be affected by salt ions present in the body (e.g., Na+ and Ca2+) through charge screening or competitive
interactions. Therefore, the prepared IPSAMs were expected to exhibit salt-responsive behavior. IPSAMs can undergo phase transitions
following ion-pair formation, suggesting that temperature-dependent and salt-responsive release behavior may also occur. Methods:
IPSAMs were prepared at PEI/PTA molar ratios of 3/7, 4/6, 5/5, 6/4, and 7/3, and their phase transition temperatures were measured to
select a representative formulation. The selected IPSAMwas treated with NaCl and CaCl2, and the resulting structural changes were eval-
uated using instrumental (Fourier transform infrared spectroscopy, surface tension, particle size, zeta potential, and transmission electron
microscopy) analyses. Nile Red was used as a model hydrophobic compound to investigate release behavior under different temperature
and salt conditions. Results: Among the prepared formulations, IPSAM(3/7) exhibited an upper critical solution temperature of 38.37
°C, which is remarkably close to the human body’s fever threshold and active metabolic states. Therefore, IPSAM(3/7) showed potential
as a tunable bioswitch capable of operating under physiologically relevant thermal conditions and was selected as a representative for-
mulation for further experiments. After salt treatment, the phase transition temperature of this IPSAM decreased. Instrumental analyses
confirmed that salt treatment reduced the colloidal stability of the IPSAM and induced structural changes. CaCl2 showed a greater effect
than NaCl, which suggests that compared with Na+ ions, Ca2+ ions more strongly perturbed the PEI/PTA ion-pair structure through their
stronger charge screening effect and, possibly, interactions with carboxylate groups. Nile Red release experiments confirmed the salt-
responsive and temperature-responsive release behavior of IPSAMs. Conclusions: The developed PEI/PTA IPSAM can function as a
stimulus-responsive nanocarrier responding to both temperature and ionic conditions. The proximity of the phase transition temperature
of IPSAM(3/7) to a physiologically meaningful temperature range supports its potential application as a tunable bioswitch for targeted
delivery.
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1. Introduction

Stimulus-responsive nanocarriers have attracted con-
siderable attention as drug delivery carriers that release
payloads in response to specific environmental triggers,
thereby reducing nonspecific distribution and associated
side effects. In addition to the tumor microenvironment
(TME) and other pathological conditions, physiological
environments containing various salts, such as the skin,
mucosal tissues, wound sites, and body fluids, can also
provide useful ionic cues for responsive drug release.
Salt-responsiveness is particularly relevant in these en-
vironments because the skin is continuously exposed to
sweat containing NaCl, mucosal tissues are covered with
electrolyte-containing mucus, and wound sites produce ex-
udates rich in salts and proteins. At wound sites, the
ionic composition of exudates can also change during in-
flammation and healing as tissue fluid leakage, cellular

activity, and tissue repair proceed. Therefore, local salt
conditions in these tissues may weaken the electrostatic
ion pair interactions that maintain ion pair self-assembly
(IPSAM) stability, induce structural destabilization, and
promote drug release at the target site. In such envi-
ronments, salts such as NaCl and CaCl2 are abundantly
present and may induce structural changes or collapse of
nanocarriers through competitive ionic interactions with
external ions [1,2,3,4,5]. Researchers have investigated
various stimulus-responsive drug delivery carriers, includ-
ing liposomes, micelles, cubosomes, nanofibers, nanopar-
ticles, and microparticles [6,7,8,9,10]. Among them, mi-
celles are self-assembled structures formed by amphiphilic
molecules in aqueous solution and offer advantages such
as relatively simple preparation and efficient encapsulation
of hydrophobic drugs [11,12,13,14,15]. Micelles are gen-
erally prepared using amphiphilic materials such as surfac-
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Scheme 1. Schematic representation of payload release from PEI/PTA IPSAM triggered by NaCl or CaCl2 through disruption
of ion pair interactions. PEI, poly(ethyleneimine); PTA, phenylthioacetic acid; IPSAM, ion pair self-assembly.

tants or block copolymers. More recently, however, stud-
ies have also explored the formation of nanocarriers based
on amphiphilicity induced by ionic interactions [16,17]. IP-
SAM forms through electrostatic interactions between a hy-
drophilic cationic polymer and a hydrophobic counterion.
Specifically, when ion pairs are formed between the amine
groups of the polymer and the negatively charged func-
tional groups of the counterion, the resulting complex ex-
hibits an amphiphilic structure possessing both hydrophilic
and hydrophobic characteristics. These amphiphilic ion
pairs can spontaneously self-assemble in aqueous solu-
tion to form micelles. This approach offers the advan-
tage of producing micelles in a relatively simple manner
while minimizing the need for complex covalent synthe-
sis and multistep purification processes. In addition, IP-
SAM is sensitive to external ionic environments. For ex-
ample, in the presence of salts such as NaCl or CaCl2, ex-
ternal ions can interfere with the existing ion pair inter-
actions, thereby weakening the ion pair binding strength
or reducing the structural stability of the micelles. These
changes may induce the collapse of the micelles, ultimately
leading to the release of the loaded drug [18,19,20]. Pre-
vious studies reported poly(ethyleneimine) and phenylth-
ioacetic acid-based ion pair self-assembly (IPSAM) as

a stimulus-responsive nanocarrier showing temperature-
and reduction-responsive behavior. poly(ethyleneimine)
(PEI)/phenylthioacetic acid (PTA) IPSAM was previously
shown to interact with KB cells and undergo cellular in-
ternalization, as confirmed by confocal laser scanning mi-
croscopy [16]. In addition, another IPSAM formulation
was reported to retain its carrier function in vivo and ac-
cumulate at tumor sites, as demonstrated by confocal imag-
ing and in vivo imaging system (IVIS) imaging in animal
models [21]. These findings suggest that IPSAM can re-
tain its function as a nanocarrier not only in simple buffer
media but also in cellular and in vivo environments, sup-
porting its potential use as a drug carrier for cancer-related
applications. However, the response of PEI/PTA IPSAM to
NaCl and CaCl2 under physiologically relevant salt condi-
tions has not been fully examined. Since external ions such
as NaCl and CaCl2 can competitively interfere with ion pair
interactions, salt-rich environments may significantly affect
the structural stability and drug release behavior of IPSAM.
Therefore, in this study, we investigated the salt-responsive
behavior of PEI/PTA IPSAMand evaluated its potential as a
carrier for drug release in ionic physiological environments
such as the skin, mucosal tissues, and body fluids (Scheme
1).
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2. Materials and Methods
2.1 Materials

PTA, PEI, Tris buffer (Trizma base), NaCl, CaCl2, and
Nile red were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chemicals were of analytical grade and used
without further purification.

2.2 Preparation of PEI/PTA IPSAM(a/b)
PEI and PTA were mixed in 5 mL of Tris buffer (30

mM, pH 7.0) in 10 mL vials at different feed ratios. The
final concentrations of both PEI and PTA were maintained
at 20 mg/mL, while the molar ratios of amino groups to car-
boxyl groups were varied as 3/7, 4/6, 5/5, 6/4, and 7/3. The
resulting dispersions were gently mixed on a roller mixer at
room temperature for 12 h. The prepared formulations were
denoted as IPSAM(a/b), in which a/b indicates the molar ra-
tio of amino groups to carboxyl groups.

2.3 Determination of Upper Critical Solution Temperature
To evaluate the upper critical solution temperature of

IPSAM, temperature-dependent transmittance was moni-
tored at 600 nm using an ultraviolet–visible (UV–Vis) spec-
trophotometer equipped with a temperature control sys-
tem (6505 UV/Vis Spectrophotometer, JENWAY, Stone,
UK). IPSAM(a/b) samples were prepared at 20mg/mLwith
amino-to-carboxyl molar ratios ranging from 3/7 to 7/3,
and 1 mL of each sample was loaded into a 1.5 mL cu-
vette for analysis. During measurement, the temperature
was raised from 20 to 50 °C at a constant rate of 2 °C/min
while transmittance was continuously recorded. The up-
per critical solution temperature (UCST) was determined
from the intersection between the baseline region show-
ing nearly constant transmittance and the region where the
transmittance started to increase. For the subsequent study,
IPSAM(3/7) was selected and prepared as a 15 mL mother
solution. Aliquots were then dispensed into 5 mL vials and
adjusted to a final volume of 1 mL so that the final concen-
trations of NaCl and CaCl2 were 0, 20, 30, 50, 100, and 150
mM, respectively. The UCST under these conditions was
measured using the same procedure described above.

2.4 FT-IR Analysis
Fourier-transform infrared (FT-IR) spectroscopy was

employed to analyze changes in the characteristic amino-
and carboxyl-associated peaks after ion pair formation be-
tween PEI and PTA. PEI and IPSAM(a/b) solutions were
prepared at 20 mg/mL in 30 mM Trizma buffer adjusted to
pH 7.0, and 3 mL of each solution was transferred into Ep-
pendorf tubes. For salt-treated conditions, NaCl and CaCl2
were separately added to IPSAM(a/b) samples to final con-
centrations of 20 and 150 mM. The samples were frozen
at –80 °C for 1 h, followed by freeze-drying for 48 h. Af-
ter lyophilization, PEI, PTA, and IPSAM(a/b) samples were
mixed with KBr, ground into a fine powder, and pressed
into pellets prior to analysis. The infrared spectra were

collected using an FT-IR spectrometer (FT-3000 Excalibur,
Varian Inc. Palo Alto, CA, USA).

2.5 Surface Tension Measurement of IPSAM

Surface tension was measured to evaluate the am-
phiphilic characteristics of PEI, PTA, and IPSAM(a/b). All
samples were prepared in 30 mM Trizma buffer at pH 7.0,
and IPSAM formulations with amino-to-carboxyl molar ra-
tios ranging from 3/7 to 7/3 were adjusted to 20 mg/mL in
a final volume of 10 mL. Measurements were performed
using a tensiometer (DST 60, SEO Co., Gunpo, South Ko-
rea) by the ring method. Following the initial measurement,
each sample was serially diluted twofold, and surface ten-
sion was recorded after each dilution step until the values
became close to that of pure water. For salt-treated con-
ditions, IPSAM(3/7) was prepared with NaCl or CaCl2 at
final concentrations of 0, 20, 30, 50, 100, and 150 mM,
with the total volume adjusted to 10 mL in each case. Af-
ter gentle mixing, surface tension was measured under the
same conditions. The critical micelle concentration (CMC)
was calculated from the intersection of two linear fitting
lines applied separately to the nearly constant region and
the sharply changing region of the surface tension data.

2.6 Hydrodynamic Diameter and Zeta Potential
Measurement of IPSAM

The hydrodynamic diameter of IPSAM(a/b) was de-
termined by dynamic light scattering using an ELSZ-2000
particle size and zeta potential analyzer (Otsuka Electron-
ics, ERAETECH, South Korea). For the measurements, IP-
SAM dispersions prepared at 10 mg/mL in 30 mM Trizma
buffer at pH 7.0 were first diluted until the scattering in-
tensity reached an appropriate range of 50 to 200 kcps. An
aliquot of 1.5 mL was then placed in a disposable cuvette
with a 2 mL capacity, and the particle size was recorded.
To evaluate salt-induced changes in particle size, NaCl or
CaCl2 was added to the diluted IPSAM(a/b) samples to ob-
tain final salt concentrations of 0, 20, 30, 50, 100, and 150
mM. Each sample was adjusted to a final volume of 1.5
mL, transferred into the cuvette, and analyzed under the
same measurement conditions. Zeta potential was mea-
sured using the same instrument following the identical
sample preparation procedure.

2.7 TEM of IPSAM(a/b)

The morphology of IPSAM was examined by trans-
mission electron microscopy. For negative staining, a 2%
phosphotungstic acid solution was prepared in distilled wa-
ter and mixed for 30 min using a roller mixer. IPSAM(a/b)
dispersions, prepared at 10 mg/mL in 30 mM Trizma buffer
at pH 7.0, were combined with the staining solution at an
equal volume ratio, giving a final phosphotungstic acid con-
centration of 1%. The stained dispersions were kept at room
temperature in the dark for 2 h before grid preparation. Fol-
lowing staining, one drop of each sample was deposited

3

https://www.imrpress.com


onto a copper grid and allowed to stand for 2 min. Resid-
ual liquid was gently blotted away with filter paper, after
which the grid was rinsed with Trizma buffer for 1 min.
The washing solution was then removed, and the grids were
dried at room temperature in the dark for 24 h. Micrographs
were obtained using a transmission electron microscope
(LEO912ABOMEGA, LEO, Oberkochen, Germany) at the
Korea Basic Science Institute. The acquired images were
further processed and analyzed with Image-Pro Plus soft-
ware version 5.1 from MediaCybernetics (Rockville, MD,
USA).

2.8 Release Measurement of IPSAM

The release behavior of IPSAM(3/7) was investigated
using Nile Red as a fluorescent probe. For dye loading,
10 μL of Nile Red stock solution at 1 mg/mL in methanol
was added to 10 mL of IPSAM(3/7) dispersion prepared
at 10 mg/mL in 30 mM Trizma buffer at pH 7.0 in a 20
mL vial. The mixture was then gently rolled in the dark
for 24 h to allow sufficient incorporation of the fluores-
cent dye. For the release experiment, 2 mL of the Nile
Red-loaded IPSAM(3/7) dispersion was transferred to a
3 mL cuvette. NaCl or CaCl2 was then added, and 20
mM was selected as the representative salt concentration
for the release test. Fluorescence intensity was monitored
over time using a fluorescence spectrophotometer (Hitachi
F2500, Hitachi, Japan) with an excitation wavelength of
556 nm and an emission wavelength of 613 nm. Release
measurements were performed at 20, 30, 40, and 50 °C us-
ing a temperature-controlled water circulator. The release
(%) of Nile Red was calculated according to Eqn. 1.

Release (%) = (1− Ft/F0)× 100 (1)

where F0 is the fluorescence intensity at time zero and Ft is
the fluorescence intensity at a given time.

2.9 Nonlinear Kinetic Fitting of IPSAM Release Profiles

To quantitatively compare the release behavior of IP-
SAM under different temperature and salt conditions, non-
linear kinetic fitting was performed on the time-dependent
Nile Red release profiles. The release percentage measured
under each condition was expressed as a function of time,
and the experimental data were compared with the fitted
curves using Python. Data processing and calculation were
performed using NumPy and pandas. Nonlinear curve fit-
ting was conducted using the curve_fit function in SciPy,
and the graphs were generated using Matplotlib. The re-
lease profiles of Nile Red were fitted according to Eqn. 2.

y = A
[
1− e−( x

τ )β
]
+ cx (2)

where x is the release time and y is the release percentage
of Nile Red. A is the coefficient corresponding to the main

release amount, τ is the coefficient representing the time
scale of release, β is the coefficient representing the shape
of the release curve, and c is the coefficient corresponding
to the slope of the slow additional release in the later stage.
The fitted curves obtained under each condition were com-
pared with the experimental release profiles, and the good-
ness of fit was evaluated using R2 and root mean square
error (RMSE).

3. Results

3.1 Determination of Upper Critical Solution Temperature
(UCST)

Fig. 1A shows the temperature-dependent transmit-
tance behavior of IPSAM(a/b). The UCST values of
IPSAM(3/7), IPSAM(4/6), and IPSAM(5/5) were 38.37,
33.20, and 33.38 °C, respectively, whereas those of IP-
SAM(6/4) and IPSAM(7/3) were below 20 °C. Among
the tested formulations, IPSAM(3/7) showed the highest
UCST, while IPSAM(6/4) and IPSAM(7/3) did not exhibit
a phase transition within the measured temperature range.
Because the UCST of IPSAM(3/7) was closest to physio-
logical temperature, this formulation was selected for sub-
sequent experiments. Salt concentrations ranging from 0
to 150 mM were selected by considering both physiolog-
ical relevance and the need to compare ion-dependent re-
sponses. For NaCl, this range covers Na+ concentrations re-
ported in skin-related and body fluid environments, includ-
ing human sweat, simulated wound fluid, and normal serum
[22,23,24]. In contrast, the 0–150 mMCaCl2 range was not
intended to directly reproduce physiological Ca2+ concen-
trations, because ionized Ca2+ in body fluids is generally
present at low millimolar levels [2,25]. Instead, CaCl2 was
tested over the same nominal concentration range as NaCl
to compare how monovalent Na+ and divalent Ca2+ differ-
ently affect the salt-responsive stability and phase transi-
tion behavior of PEI/PTA IPSAM under controlled added-
salt conditions. Fig. 1B shows the temperature-dependent
transmittance behavior of IPSAM(3/7) in the presence of
NaCl. When NaCl was added at concentrations of 0, 20, 30,
50, 100, and 150mM, the UCST values at 0, 20, and 30mM
were 38.37, 30.29, and 27.33 °C, respectively. At concen-
trations of 50 mM and above, the UCST was below 20 °C.
Thus, the UCST decreased progressively as the NaCl con-
centration increased, and the phase transition was no longer
observed within the measured temperature range at 50 mM
or higher. Fig. 1C shows the temperature-dependent trans-
mittance behavior of IPSAM(3/7) in the presence of CaCl2.
When CaCl2 was added at concentrations of 0, 20, 30, 50,
100, and 150 mM, the UCST values at 0 and 20 mM were
38.37 and 21.02 °C, respectively, and the UCST values at
30 mM and above were below 20 °C. Overall, CaCl2 caused
a more pronounced reduction in UCST than NaCl at the
same concentration, and the phase transition disappeared at
a lower concentration in the presence of CaCl2.
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Fig. 1. Temperature-dependent transmittance profiles of
PEI/PTA IPSAM suspensions under different compositional
and salt conditions. (A) Transmittance profiles of IPSAM(a/b)
prepared at different amino-to-carboxyl molar ratios. (B) Trans-
mittance profiles of IPSAM(3/7) in the presence of NaCl at differ-
ent concentrations. (C) Transmittance profiles of IPSAM(3/7) in
the presence of CaCl2 at different concentrations.

3.2 Effect of NaCl and CaCl2 on the Colloidal Stability of
IPSAM

Supplementary Fig. 1A shows the visual appear-
ance of IPSAM(3/7) in the presence of NaCl. At 0 mM
NaCl, the IPSAM dispersion appeared as a turbid white
solution. As the NaCl concentration increased to 20, 30,
50, 100, and 150 mM, the solution gradually became more
transparent. The change in appearance became more pro-
nounced with increasing NaCl concentration, indicating a
concentration-dependent change in the dispersion state of
IPSAM(3/7). Supplementary Fig. 1B shows the visual
appearance of IPSAM(3/7) in the presence of CaCl2. At 0
mMCaCl2, the IPSAM dispersion also appeared turbid and

white. As the CaCl2 concentration increased to 20, 30, 50,
100, and 150 mM, the solution progressively became more
transparent. Overall, both salt conditions showed a similar
concentration-dependent transition from a turbid dispersion
to a clearer solution.

3.3 Results of FT-IR Analysis

Fig. 2A shows the FT-IR spectra of PEI, PTA, and
IPSAM(3/7). In PEI, the band near 3288 cm–1, assigned
to N–H stretching, was observed. In IPSAM(3/7), this
band shifted to around 3183 cm–1. In PTA, the band at
1701.19 cm–1, corresponding to the C=O stretching vibra-
tion of non-ionized carboxylic acid, was observed. How-
ever, in IPSAM(3/7), the band near 1701 cm–1 became rel-
atively weaker, while distinct carboxylate-related bands ap-
peared at 1629.55 cm–1 and 1551.78 cm–1. Fig. 2B shows
the FT-IR spectra of IPSAM(3/7) in the presence of NaCl.
NaCl concentrations of 20 mM and 150 mM were selected
as representative low and high concentrations, respectively.
After NaCl addition, the NH3

+-related band near 3183 cm–1

became weaker, while a stretching band reappeared near
3325 cm–1. In the COO- region, the bands originally sep-
arated at approximately 1629 cm–1 and 1552 cm–1 became
weaker or less clearly resolved after salt addition. In par-
ticular, under the 150 mM condition, these bands tended to
converge into a broad single band near 1629 cm–1. Fig. 2C
shows the FT-IR spectra of IPSAM(3/7) in the presence of
CaCl2. CaCl2 concentrations of 20 mM and 150 mM were
selected as representative conditions. After CaCl2 addi-
tion, the NH3

+-related band near 3183 cm–1 also decreased,
while the intensity of the stretching band near 3355 cm–1 in-
creased. In addition, the intensity of the carboxylate-related
band near 1581 cm–1 decreased, whereas the carboxylic
acid C=O band near 1703 cm–1 became more pronounced.

3.4 Results of Surface Tension Measurement

Fig. 3A shows the surface tension of PEI, PTA, and
IPSAM(a/b). At 20 mg/mL, the surface tension values
of IPSAM(3/7), IPSAM(4/6), IPSAM(5/5), IPSAM(6/4),
and IPSAM(7/3) were 48.0370, 48.1128, 48.6458, 48.4967,
and 48.7569 dyne/cm, respectively. In contrast, the sur-
face tension values of PEI and PTA alone were 72.6560
and 51.4096 dyne/cm, respectively. Upon two-fold se-
rial dilution, the IPSAM samples exhibited a typical L-
shaped profile. Fig. 3B shows the change in surface
tension of IPSAM(3/7) in the presence of NaCl. At 20
mg/mL, the surface tension values at NaCl concentrations
of 0, 20, 30, 50, 100, and 150 mM were 48.5723, 50.0135,
50.3514, 50.1884, 49.5563, and 50.1212 dyne/cm, respec-
tively. Overall, the surface tension increased after NaCl
addition. Fig. 3C shows the change in surface tension
of IPSAM(3/7) in the presence of CaCl2. At 20 mg/mL,
the surface tension values at CaCl2 concentrations of 0, 20,
30, 50, 100, and 150 mM were 48.5723, 48.7123, 49.4759,
49.7656, 49.4637, and 49.2369 dyne/cm, respectively. A
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Fig. 2. FT-IR spectra of PEI, PTA, and IPSAM(3/7) under dif-
ferent salt conditions. (A) FT-IR spectra of PEI, PTA, and IP-
SAM(3/7). (B) FT-IR spectra of IPSAM(3/7) in the presence of
NaCl at 0, 20, and 150 mM. (C) FT-IR spectra of IPSAM(3/7)
in the presence of CaCl2 at 0, 20, and 150 mM. FT-IR, fourier-
transform infrared.

similar increasing trend in surface tension was also ob-
served after CaCl2 addition. To further evaluate the effect of

Fig. 3. Surface tension profiles of PEI, PTA, and IPSAM un-
der different salt conditions. (A) Surface tension profiles of
PEI, PTA, and IPSAM(a/b). (B) Surface tension profiles of IP-
SAM(3/7) in the presence of NaCl at different concentrations. (C)
Surface tension profiles of IPSAM(3/7) in the presence of CaCl2
at different concentrations.

salt onmicelle formation, the CMC of IPSAM(3/7) was cal-
culated from the surface tension profiles. The CMC of IP-
SAM(3/7) without salt was 8.08 mg/mL. After NaCl treat-
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ment at 20, 30, 50, 100, and 150 mM, the CMC values were
9.14, 9.99, 9.39, 10.46, and 8.74 mg/mL, respectively. In
all NaCl treatment samples, the CMC values were higher
than that of untreated IPSAM(3/7). Similarly, after CaCl2
treatment at 20, 30, 50, 100, and 150 mM, the CMC values
were 10.01, 10.57, 10.73, 11.12, and 14.05 mg/mL, respec-
tively. These results show that CaCl2 treatment increased
the CMC more markedly than NaCl treatment.

3.5 Results of Hydrodynamic Diameter and Zeta Potential
Measurement

Fig. 4A shows the changes in particle size and zeta
potential of IPSAM(3/7) in the presence of NaCl. At NaCl
concentrations of 0, 20, 30, 50, 100, and 150 mM, the
particle sizes were 265.3, 417.7, 567.3, 3020.9, 2950.4,
and 3064.7 nm, respectively, showing an overall increas-
ing trend with increasing NaCl concentration. In contrast,
the zeta potential values were 59.08, 49.98, 47.91, 44.32,
31.12, and 23.43 mV, respectively, showing a decreasing
trend as the NaCl concentration increased. In particular, the
particle size increased sharply at 50 mM and remained at a
similar level at higher concentrations. Fig. 4B shows the
changes in particle size and zeta potential of IPSAM(3/7) in
the presence of CaCl2. At CaCl2 concentrations of 0, 20, 30,
50, 100, and 150 mM, the particle sizes were 265.3, 2025.9,
2451.8, 2829.2, 3148.9, and 3357.7 nm, respectively, while
the zeta potential values were 59.08, 50.05, 49.51, 39.72,
17.20, and 1.15 mV, respectively. Similar increases in par-
ticle size and decreases in zeta potential were observed in
the presence of CaCl2. Compared with NaCl, these changes
were more pronounced at lower concentrations in the pres-
ence of CaCl2.

3.6 TEM Imaging and Image Analysis

Fig. 5A shows the transmission electron microscopy
(TEM) image of IPSAM in the absence of added salt.
Spherical nanoparticles were observed, and the particles
displayed a relatively dark outer region and a brighter in-
terior. Under this condition, the particle boundaries were
relatively clear, allowing the morphology of individual par-
ticles to be distinguished. Fig. 5B shows the TEM im-
age of IPSAM in the presence of NaCl. To clearly observe
salt-induced structural changes, the sample was examined
at the highest NaCl concentration. Compared with the sam-
ple without added salt, the salt-treated sample showed a loss
of morphological integrity, as evidenced by poorly defined
particle boundaries and reduced particle contrast. Fig. 5C
shows the TEM image of IPSAM in the presence of CaCl2.
The sample was also examined at the highest CaCl2 concen-
tration. Similar to the NaCl-treated sample, CaCl2-treated
IPSAM showed a marked loss of morphological integrity
and structural dissociation. The particle boundaries became
poorly defined, and individual particles were difficult to
distinguish. These observations suggest that both NaCl and
CaCl2 disrupted the micellar structure of IPSAM, leading to

Fig. 4. Hydrodynamic diameter and zeta potential of IP-
SAM(3/7) under different salt conditions. (A) Hydrodynamic
diameter and zeta potential of IPSAM(3/7) in the presence of NaCl
at different concentrations. (B) Hydrodynamic diameter and zeta
potential of IPSAM(3/7) in the presence of CaCl2 at different con-
centrations.

a less organized morphology consistent with random-coil-
like structures.

3.7 Release Measurement

Fig. 6A shows the temperature-dependent release be-
havior of IPSAM(3/7) in the absence of added salt. The
release percentages at 20, 30, 40, and 50 °C were 4.25,
10.83, 25.98, and 41.38%, respectively, showing that the
release increased with increasing temperature. Release ex-
periments in the presence of NaCl and CaCl2 were per-
formed at salt concentration of 20mMbecause IPSAM(3/7)
still showed measurable UCST values in the presence of
both salts within the experimental temperature range (Fig.
1B,C). At higher concentrations, the dispersions became
transparent, suggesting that the self-assembled structures
were already destabilized (Supplementary Fig. 1A,B).
Therefore, 20 mM was chosen as the representative con-
dition for comparing temperature-dependent release under
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Fig. 5. TEM images of IPSAM(3/7) under different salt con-
ditions. (A) TEM image of IPSAM(3/7) in the absence of added
salt. (B) TEM image of IPSAM(3/7) in the presence of NaCl. (C)
TEM image of IPSAM(3/7) in the presence of CaCl2. TEM, trans-
mission electron microscopy. The scale bar in (A–C) represents
200 nm.

both salt conditions. Fig. 6B shows the temperature-
dependent release behavior of IPSAM(3/7) in the presence
of 20 mM NaCl. The release percentages at 20, 30, 40, and
50 °C were 6.64, 18.14, 40.27, and 59.85%, respectively.

Fig. 6. Release profiles of IPSAM(3/7) under different temper-
ature and salt conditions. (A) Release profiles of IPSAM(3/7) at
different temperatures in the absence of added salt. (B) Release
profiles of IPSAM(3/7) at different temperatures in the presence
of NaCl. (C) Release profiles of IPSAM(3/7) at different temper-
atures in the presence of CaCl2.

These values were generally higher than those observed un-
der salt-free conditions. Fig. 6C shows the temperature-
dependent release behavior of IPSAM(3/7) in the presence
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Table 1. Weibull-type nonlinear fitting equations and goodness-of-fit parameters for Nile Red release from IPSAM(3/7) under
different temperature and salt conditions.

Salt condition Temperature (°C) Fitting equation R2 RMSE

No salt

20 y = 3.6042
[
1− e−( x

45.8654
)3.6832

]
+ 0.001088x 0.9976 0.0793

30 y = 9.3909
[
1− e−( x

52.8973
)3.6462

]
+ 0.001355x 0.9956 0.2707

40 y = 18.8467
[
1− e−( x

40.5189
)6.9592

]
+ 0.011611x 0.9989 0.3027

50 y = 33.9945
[
1− e−( x

38.7825
)5.0851

]
+ 0.014878x 0.9970 0.8575

NaCl

20 y = 6.4958
[
1− e−( x

44.0141
)4.8630

]
+ 0.000261x 0.9941 0.2121

30 y = 15.7008
[
1− e−( x

51.3062
)9.2882

]
+ 0.005011x 0.9972 0.4156

40 y = 33.4817
[
1− e−( x

53.9630
)8.1929

]
+ 0.012765x 0.9993 0.4321

50 y = 47.4156
[
1− e−( x

52.8077
)9.0993

]
+ 0.023290x 0.9986 0.9369

CaCl2

20 y = 11.5283
[
1− e−( x

53.7329
)9.6984

]
+ 0.000182x 0.9979 0.2413

30 y = 31.3804
[
1− e−( x

44.0817
)8.6078

]
+ 0.003675x 0.9996 0.2951

40 y = 53.3153
[
1− e−( x

45.3313
)5.4578

]
+ 0.007141x 0.9995 0.5475

50 y = 71.5160
[
1− e−( x

44.1900
)4.2745

]
+ 0.005815x 0.9990 0.9245

The release profiles were fitted using Weibull-type nonlinear equations, and the fitting quality was evaluated using
R2 and RMSE. RMSE, root mean square error.

of 20 mM CaCl2. The release percentages at 20, 30, 40,
and 50 °C were 11.63, 33.34, 57.41, and 74.61%, respec-
tively. Under the CaCl2 condition, the release percentage
also increased markedly with increasing temperature, and
higher release was observed across the entire temperature
range than under both salt-free and NaCl conditions.

3.8 Results of Nonlinear Kinetic Fitting
Table 1 shows theWeibull-type nonlinear fitting equa-

tions and goodness-of-fit parameters obtained under differ-
ent temperature and salt conditions. R2 indicates how well
the fitting equation explains the experimental release pro-
file, whereas RMSE represents the average error between
the experimental values and the fitting curve. The R2 val-
ues were higher than 0.9941 under all conditions, indicat-
ing that the applied fitting equations adequately described
the time-dependent Nile Red release profiles. In addition,
the RMSE values were close to zero, confirming that the
differences between the experimental values and the fitting
curves were small. As shown in Supplementary Fig. 2,
the dots represent the experimental data, while the solid
lines represent the fitting curves obtained from the fitting
equations. The experimental data and fitting curves showed
overall similar release profiles, supporting the high R2 and
low RMSE values shown in Table 1. To compare the ef-
fects of temperature and salt conditions on the release be-
havior, the A coefficient in the fitting equation was mainly
analyzed. Since the A coefficient corresponds to the main
release amount, it is suitable for comparing changes in re-
lease amount under different conditions. In the absence of

added salt, the A value increased with increasing temper-
ature from 3.6042 at 20 °C to 9.3909 at 30 °C, 18.8467 at
40 °C, and 33.9945 at 50 °C. Under the NaCl condition, the
A value also increased from 6.4958 at 20 °C to 15.7008 at
30 °C, 33.4817 at 40 °C, and 47.4156 at 50 °C. Under the
CaCl2 condition, the A value increased from 11.5283 at 20
°C to 31.3804 at 30 °C, 53.3153 at 40 °C, and 71.5160 at 50
°C. The CaCl2 condition showed the highest A value among
the three conditions at all temperatures.

4. Discussion
4.1 Interpretation of UCST Results

These results indicate that the phase transition be-
havior of IPSAM was affected by both the PEI and PTA
composition and the type and concentration of added salt.
The higher UCST observed in formulations containing a
larger proportion of PTA suggests that hydrophobic inter-
actions within IPSAM became stronger as the PTA con-
tent increased. In other words, a higher content of the hy-
drophobic PTA component likely required greater thermal
energy to dissociate the self-assembled IPSAM structure,
thereby leading to an increase in UCST. In the presence
of NaCl or CaCl2, the UCST decreased markedly, indicat-
ing that dissolved ions weakened the electrostatic ion pair
interactions responsible for maintaining the stability of IP-
SAM. This effect can be attributed to electrostatic screen-
ing by salt ions, which reduced the direct attractive force
between the protonated amino groups of PEI and the car-
boxylate groups of PTA. In addition, externally added ions
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likely interacted competitively with these charged groups,
thereby disturbing the ionic environment that stabilized the
ion paired structure. For CaCl2, this effect can become
more pronounced because divalent Ca2+ provides stronger
charge screening than monovalent Na+, thereby more effec-
tively perturbing the electrostatic interactions between the
protonated amino groups of PEI and the carboxylate groups
of PTA [26,27,28]. In addition, previous studies have re-
ported that Ca2+ can interact with carboxylate-containing
polyelectrolytes through binding or bridging interactions
[29,30]. Therefore, in PEI/PTA IPSAM, Ca2+ may also
interact with the carboxylate groups of PTA, which could
partly contribute to the greater decrease in UCST observed
after CaCl2 treatment than after NaCl treatment.

4.2 Interpretation of Colloidal Stability Under NaCl and
CaCl2 Conditions

The turbid white appearance observed in the absence
of added salt suggests the successful formation of IPSAM
particles. This is because the amino groups of PEI and
the carboxyl groups of PTA formed ion pairs through elec-
trostatic attraction, and these ion pairs subsequently self-
assembled in aqueous solution to generate colloidal par-
ticles. In general, colloidal particles scatter visible light,
and thus a white or turbid appearance suggests the suc-
cessful formation of IPSAM [31,32,33]. In contrast, as
the concentrations of NaCl and CaCl2 increased, the so-
lutions gradually became more transparent. This change
is likely due to the interference of salt-derived ions with
the electrostatic ion pair interactions within IPSAM, result-
ing in reduced colloidal stability. As the salt concentra-
tion increased, a greater number of ions interacted with the
ion paired structure formed between PEI and PTA, thereby
weakening the electrostatic interactions. As a result, the
self-assembled colloidal structure gradually collapsed and
the particles could no longer remain stably dispersed. Con-
sequently, the colloidal structures responsible for scattering
visible light were reduced or lost, leading to a more trans-
parent appearance of the solution.

4.3 Interpretation of FT-IR Results

The shift of the N–H stretching band from 3288 cm–1

in PEI to around 3183 cm–1 in IPSAM(3/7) suggests the
formation of an NH3

+ environment due to protonation of
the amine groups. In addition, the weakening of the C=O
stretching band of non-ionized carboxylic acid near 1701
cm–1 and the appearance of distinct carboxylate-related
bands at 1629.55 cm–1 and 1551.78 cm–1 indicate an in-
crease in the COO- form following deprotonation of the car-
boxylic acid groups. These changes support the formation
of ion pairs between the protonated amine groups of PEI and
the carboxylate groups of PTA. After the addition of NaCl
or CaCl2, the NH3

+-related band near 3183 cm–1 became
weaker, and changes were also observed in the carboxylate-
related region. Under these conditions, the reappearance or

increase of bands associated with N–H stretching or car-
boxylic acid C=O stretching, together with the weaken-
ing or merging of carboxylate-related bands, suggests that
salt addition altered the ion pair interaction environment
in IPSAM. This change may be attributed to electrostatic
screening and competitive interactions of externally added
ions with the charged groups of PEI and PTA, which could
weaken or rearrange the ion paired structure. These spectral
changes indicate that added salts modified the local bond-
ing environment surrounding the protonated amine groups
and carboxylate groups within IPSAM.

4.4 Interpretation of Surface Tension Results
The L-shaped surface tension profile observed for the

IPSAM samples is characteristic of amphiphilic materials
that adsorb at the interface and then show a smaller change
in surface tension above a certain concentration [34,35,36].
This result suggests that the hydrophilic cationic polymer
PEI and the hydrophobic counterion PTA formed ion pairs
through electrostatic attraction, thereby generating an am-
phiphilic structure. In addition, the lower surface tension
of IPSAM compared with PTA alone indicates that ion
pair formation enhanced the interfacial activity and enabled
more effective arrangement at the interface, thereby reduc-
ing the surface free energy. After the addition of NaCl or
CaCl2, the surface tension of IPSAM(3/7) increased over-
all. These changes suggest that added salt ions altered the
ionic interaction environment between PEI and PTA and
affected the interfacial adsorption behavior of the ion pair
self-assembled structure. This effect may be attributed to
electrostatic screening or competitive interactions of ex-
ternally added ions with the charged groups of PEI and
PTA, which could weaken or rearrange the ion pair in-
teractions. As a result, the interfacial organization of IP-
SAM may have become less favorable for reducing sur-
face tension. In addition, the CMC was calculated from
the intersection of two linear regions in the surface ten-
sion profile: the concentration-dependent decreasing re-
gion and the high-concentration plateau region. In conven-
tional amphiphilic assemblies, added salts can enhance hy-
drophobic interactions between nonpolar segments through
a salting-out effect and stabilize the assembled structure,
often leading to a decrease in CMC [37,38]. However, IP-
SAM showed the opposite behavior. Although hydropho-
bic interactions may be strengthened in the presence of
salt, the amphiphilic structure of IPSAM is maintained by
PEI/PTA ion pair interactions. External ions can compete
with and disrupt these ion pairs, thereby weakening the ef-
fective amphiphilicity. As a result, a higher concentration
is required for micelle formation, leading to an increase in
CMC. The more pronounced increase in CMC after CaCl2
treatment suggests that divalent Ca2+more effectively inter-
fered with the ion pair structure than monovalent Na+, con-
sistent with its stronger interaction with carboxylate groups.
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4.5 Interpretation of Hydrodynamic Diameter and Zeta
Potential Measurement Results

These results suggest that added salts altered the col-
loidal stability of IPSAM(3/7). In the presence of NaCl, the
increase in particle size together with the decrease in zeta
potential suggests that salt ions screened the surface charges
of IPSAM, thereby reducing the electrostatic repulsion be-
tween particles and promoting aggregation [39,40,41]. The
sharp increase in particle size at 50 mM and the similar
values observed above this concentration further suggest
that aggregation had already progressed substantially at and
above this salt concentration. A similar trend was observed
in the presence of CaCl2, but the changes were more pro-
nounced at lower concentrations than in the presence of
NaCl. This difference may be attributed to the divalent
Ca2+ ions, which can screen the surface charges of IPSAM
more effectively than monovalent Na+ ions, thereby more
strongly reducing the electrostatic repulsion between parti-
cles. In addition, previous studies have reported that Ca2+
can interact with carboxylate-containing polyelectrolytes
through binding or bridging interactions [29,30]. There-
fore, Ca2+ may also interact with the carboxylate groups
of PTA in PEI/PTA IPSAM, which could partly contribute
to the more pronounced changes in particle size and zeta
potential observed after CaCl2 treatment. In PEI/PTA IP-
SAM, such Ca2+–carboxylate interactions could alter the
local ionic environment of the PTA carboxylate groups and
partially reorganize the original PEI–PTA ion pair, thereby
promoting aggregation more effectively than Na+. As a
result, CaCl2 appears to destabilize the IPSAM dispersion
more effectively than NaCl.

4.6 Interpretation of TEM Results
The relatively dark outer region and brighter interior

observed in the sample without added salt may be attributed
to the electron density contrast generated during the nega-
tive staining process [42,43]. Under this condition, the par-
ticles exhibited relatively clear boundaries and distinguish-
able spherical morphology, suggesting that IPSAM main-
tained its original self-assembled organization in the ab-
sence of added salt. In contrast, after the addition of NaCl
or CaCl2, the particle contrast and boundaries became less
distinct, and the morphology of individual particles were no
longer clearly resolved. These changes suggest that added
salt ions affected the original organization or dispersion
state of IPSAM. Taken together with the UCST, FT-IR, par-
ticle size, and zeta potential results, these observations fur-
ther support that added salts perturbed the ionic interactions
responsible for stabilizing IPSAM. Such perturbation likely
reduced the morphological integrity of the particles and al-
tered their dispersion behavior. Consequently, the added
salts appear to have reduced the structural uniformity and
colloidal stability of IPSAM, which was reflected by the
less distinct TEM images.

4.7 Interpretation of Release Results

The temperature-dependent release behavior of IP-
SAM(3/7) can be interpreted in relation to its UCST-based
phase transition. As shown in Fig. 1A, IPSAM(3/7) exhib-
ited a UCST of 38.37 °C, indicating that the ion pair self-
assembled structure remained relatively stable below this
temperature but becamemore easily loosened or rearranged
as the temperature approached or exceeded the transition
point. This interpretation is consistent with the increase in
release at higher temperatures. In the presence of NaCl or
CaCl2, the release was further enhanced because the added
ions had already perturbed the ionic interactions responsi-
ble for maintaining the IPSAM structure before thermal ac-
tivation. Taken together, these results indicate that added
salts weakened or rearranged the ion pair interaction of IP-
SAM, allowing the structure to be destabilized more readily
and facilitating release even under the same thermal condi-
tions. Under these salt-containing conditions, most of the
fluorescence signal increased rapidly within the initial 60 s
and then reached a plateau-like equilibrium state. This sug-
gests that salt-induced perturbation of the PEI/PTA ion pair
interactions promoted rapid Nile Red release at the early
stage, rather than sustained time-dependent release over a
prolonged period. The higher release observed in the pres-
ence of CaCl2 than in the presence of NaCl is also con-
sistent with the above results showing that CaCl2 caused
a greater reduction in UCST and more pronounced changes
in particle size and zeta potential. This stronger effect can
be associated with the divalent nature of Ca2+. Compared
with monovalent Na+, Ca2+ can provide stronger charge
screening and more effectively perturb the ionic interac-
tion network of PEI/PTA IPSAM [26,27,28]. In addition,
previous studies have reported that Ca2+ can interact with
carboxylate-containing polyelectrolytes through binding or
bridging interactions [29,30]. Therefore, in PEI/PTA IP-
SAM, Ca2+ may also interact with the carboxylate groups
of PTA, which could partly contribute to the higher Nile
Red release observed under CaCl2 conditions than under
NaCl conditions. To further evaluate whether salt treat-
ment and temperature elevation produced an additive or en-
hanced combined effect, the release data were reanalyzed
using an additive rule. The release at 20 °C without added
salt was used as the baseline. The expected additive release
was calculated by adding the temperature-induced release
increase under salt-free conditions and the salt-induced re-
lease increase at 20 °C to this baseline value. For NaCl, the
expected additive releases at 30, 40, and 50 °C were 13.22,
28.37, and 43.77%, respectively, whereas the observed re-
leases were 18.14, 40.27, and 59.85%, respectively. These
observed values were higher than the expected additive
values, indicating that NaCl and temperature elevation en-
hanced Nile Red release beyond a simple additive response.
For CaCl2, the expected additive releases at 30, 40, and 50
°C were 18.21, 33.36, and 48.76%, respectively, whereas
the observed releases were 33.34, 57.41, and 74.61%, re-
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Table 2. Summary of the effects of NaCl and CaCl2 on the UCST, CMC, size, and release behavior of IPSAM.

Parameter Salt
Salt concentration (mM)

0 mM 20 mM 30 mM 50 mM 100 mM 150 mM

UCST (°C)
NaCl 38.37 30.29 27.33 <20 <20 <20
CaCl2 38.37 21.02 <20 <20 <20 <20

CMC (mg/mL)
NaCl 8.08 9.14 9.99 9.39 10.46 8.74
CaCl2 8.08 10.01 10.57 10.73 11.12 14.05

Size (nm)
NaCl 265.3 417.7 567.3 3020.9 2950.4 3064.7
CaCl2 265.3 2025.9 2451.8 2829.2 3148.9 3357.7

Temperature (°C)

20 °C 30 °C 40 °C 50 °C

Release (%)
NaCl 6.64 18.14 40.27 59.85
CaCl2 11.63 33.34 57.41 74.61

UCST, CMC, and size were evaluated at different salt concentrations, whereas release
was measured at different temperatures at a fixed salt concentration of 20 mM. Val-
ues shown as <20 °C indicate that no clear UCST transition was observed within the
measured temperature range. UCST, upper critical solution temperature; CMC, critical
micelle concentration.

spectively. The larger positive differences observed under
CaCl2 conditions indicate that CaCl2 produced a stronger
salt–temperature interaction than NaCl. These results sug-
gest that salt treatment and temperature elevation did not
merely act in the same direction but jointly enhanced the
destabilization of PEI/PTA IPSAM and promoted Nile Red
release. To provide a concise summary of all the preceding
results, the effects of NaCl and CaCl2 on the UCST, CMC,
particle size, and release behavior of IPSAM are summa-
rized in Table 2.

4.8 Interpretation of Nonlinear Kinetic Fitting Results

Weibull-type nonlinear fitting analysis confirmed that
the Nile Red release behavior of IPSAM changed quantita-
tively depending on temperature and salt conditions. The
high R2 values and low RMSE values obtained under all
conditions indicate that the applied fitting equation appro-
priately described the time-dependent release profiles. Un-
der the salt-free condition, the A coefficient, which repre-
sents the main release amount, increased with increasing
temperature. In particular, the A value increased markedly
near or above the UCST of IPSAM(3/7), which was 38.37
°C. This result suggests that the IPSAM structure became
loosened or rearranged above the UCST, thereby increas-
ing the releasable fraction of Nile Red. Under the NaCl
and CaCl2 conditions, the A value also increased with in-
creasing temperature and was higher than that under the
salt-free condition at the same temperature. As shown in
Fig. 1, the UCST values of IPSAM(3/7) decreased to 30.29
°C and 21.02 °C after the addition of 20 mM NaCl and 20
mM CaCl2, respectively. Therefore, the increased A val-
ues under salt conditions can be interpreted as a result of
the salt-induced decrease in UCST, which increased the re-
leasable fraction of Nile Red even at lower temperatures.

In addition, when the A values were compared at the same
temperature under salt-treated conditions, the CaCl2 condi-
tion always showed higher values than the NaCl condition.
This quantitatively confirmed that CaCl2 had a stronger ef-
fect on the release behavior of IPSAM than NaCl. Con-
sistent with the previous results, this finding suggests that
divalent Ca2+ reduced the ion-pair structural stability of IP-
SAM more strongly than monovalent Na+, thereby facili-
tating Nile Red release.

4.9 Limitations
The NaCl concentration range used in this study was

selected considering physiologically relevant conditions,
whereas CaCl2 was tested over the same concentration
range as NaCl to compare the effects of monovalent and
divalent ions. Therefore, the salt-responsive behavior ob-
served in this study may differ from that in actual physio-
logical environments containing various ions and biological
components. In addition, Nile Red was used as the payload
in this study, and the loading and release behavior may dif-
fer when actual therapeutic drugs are incorporated, depend-
ing on their physicochemical properties. Therefore, further
in vitro and in vivo studies using therapeutic drug-loaded
IPSAM are required to evaluate its practical applicability.

5. Conclusions
In this study, PEI/PTA IPSAMnanoparticles were pre-

pared, and their responses to temperature and salt were sys-
tematically investigated. Among the tested formulations,
IPSAM(3/7) exhibited a UCST of 38.37 °C, which was
closest to physiological temperature and was therefore se-
lected for further study. In the presence of NaCl and CaCl2,
the UCST decreased markedly, indicating that external ions
weakened or rearranged the ionic interactions responsible
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for maintaining the self-assembled structure. FT-IR analy-
sis showed changes in the amine- and carboxylate-related
bands after salt addition, supporting that the ionic interac-
tion environment of IPSAM was altered in the presence of
salts. Surface tension measurements showed that IPSAM
possessed amphiphilic interfacial properties, while the in-
crease in surface tension after salt addition suggested that
external ions also affected the interfacial behavior of the
self-assembled structure. These salt-induced changes were
further supported by increased transparency, reduced zeta
potential, enlarged particle size, and less distinct particle
morphology in TEM images. Moreover, Nile Red release
increased with increasing temperature and was further en-
hanced in the presence of salts, with a more pronounced ef-
fect observed in the presence of CaCl2 than NaCl. Taken
together, these results demonstrate that PEI/PTA IPSAM
functions as a nanocarrier responsive to both temperature
and salt. These findings suggest that PEI/PTA IPSAM can
remain relatively stable under low-salt formulation or stor-
age conditions, but after topical application to the skin,
skin-relevant ionic and thermal conditions may destabilize
the assembled structure and promote payload release. This
storage-stable and application-triggered switching behavior
supports the potential applicability of PEI/PTA IPSAM in
topical pharmaceutical and cosmetic delivery formulations.
Overall, the present findings provide useful insight into the
design of ion pair nanocarriers with temperature- and salt-
responsive behavior.
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