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Abstract    Non-aromatic  fluorescent  and multi-responsive  materials,  exhibiting inherent  fluorescence emission and controlled phase change,

have garnered significant attention in recent years. However, the underlying interaction between their fluorescent properties and phase transi-

tion remains unclear. In this study, we synthesized a series of catalyst-free aza-Michael addition-based polyethyleneimine (RFPEI) materials by re-

acting polyethyleneimine (PEI) with N-isopropyl acrylamide (NIPAM). The resulting RFPEI was comprehensively characterized, and demonstrated

dual-phase transition behavior (LCST and UCST) in water, which could be finely tuned by adjusting its composition or external factors such as pH.

Notably, upon UV irradiation (365 nm), RFPEI exhibited strong fluorescence emission. We further investigated the effects of NIPAM grafting per-

centage to PEI, polymer concentration, and pH on the LCST/UCST and fluorescent properties of RFPEI aqueous solutions. Moreover, we show-

cased the great potential of RFPEI as a versatile tool for physiological cell imaging, trace detection, and controlled release of doxorubicin. Our

study presents a novel class of stimuli-responsive fluorescent materials with promising applications in the field of biomedicine.
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INTRODUCTION

Multi-stimulus  responsive  fluorescent  polymers  (SRFPs)  exhibit
significant  changes  in  their  physical  and  chemical  properties,
particularly  fluorescent  properties,  when  subjected  to  slight
variations in the external environment. This unique characteris-
tic  has  led  to  the  widespread  utilization  of  SRFPs  in  various
fields,  including  controlled  drug  release,[1−3] cell  imaging,[4] in-
telligent detection,[5,6] and display materials.[7]

Traditionally, SRFPs are prepared by physically or chemical-
ly  coating  or  bonding  fluorogens,  such  as  transition  metal
ions,[2,6] quantum  dots,[3,8] and  conjugated  fluorescent
dyes,[4,5] onto the stimuli-responsive polymer. However, these
fluorogens have several noticeable drawbacks. Metal ions and
quantum dots suffer from poor chemical stability and high cy-
totoxicity,  while  conjugated  organic  dyes  tend  to  leak  and
possess  low water  solubility.  Furthermore,  they often exhibit
aggregation-caused quenching (ACQ) effects at high concen-

trations,  limiting their  applications in real-time biological  de-
tection, medicine, and other fields. To overcome these limita-
tions,  a  series  of  SRFPs  were  designed  and  synthesized  by
combining  aggregation-induced  emission  fluorogens
(AIEgens)  with  stimuli-responsive  polymers.[1,9−12] The  con-
cept of AIE was introduced by Tang et al.,[13−15] offering a solu-
tion to the challenges associated with ACQ.

The  properties  of  cluster-triggered  emission  (CTE)  poly-
mers  that  contain  heteroatomic  groups,  such  as  amine,  car-
bonyl,  and  ether,  differentiate  them  from  aromatic  AIEgens.
These  CTE  polymers  are  well-known  for  their  hydrophilicity,
non-toxicity,  and  biocompatibility,  which  makes  them  a
promising  area  of  research  within  the  field  of  fluorescent
polymers.[16−22] In our previous studies, we focused on under-
standing  the  emission  mechanism  of  various  CTE  polymers.
Specifically,  we  investigated  polyurea,[23] poly(ethylene
glycol),[24−26] polyamide  and  amide  salt[27,28] and  silicon-
containing  polymers.[29,30] Through  systematic  analysis,  we
determined the influence of molecular structure, the forms in
which  these  polymers  exist,  and  environmental  factors  on
their  fluorescence  emissions.  Moreover,  we  explored  the  ad-
vantages offered by these CTE polymers for a range of appli-
cations. For instance, we employed them in cell imaging,[25,28]
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detection  of  metal  ions,[23,25,27,29] and  identification  of
drugs.[24,26] Leveraging  the  unique  properties  of  these  poly-
mers  allows  us  to  develop  innovative  solutions  in  various
fields.

Stimuli-responsive  polymers  exhibit  changes  in  their
molecular conformation in response to variations in tempera-
ture, resulting in alterations in their hydrophilicity and solubil-
ity. Depending on their phase transition behavior, these poly-
mers can be categorized as high critical solution temperature
(UCST)  type,[31] low  critical  solution  temperature  (LCST)
type,[32] or a combination of both.[33,34] While the transforma-
tion  behavior  between  LCST  and  UCST  can  be  achieved  by
modifying  the  solvent  or  polymer  composition,[33,35] the  re-
search on polymers that exhibit both LCST and UCST in pure
water  holds  greater  practical  value.  Understanding  the  con-
formational  changes  in  CTE  polymers  induced  by  environ-
mental stimuli is crucial as it directly affects their cluster state
and  fluorescence  emission.  Investigating  the  correlation  be-
tween these two changes can provide insights into the mech-
anism underlying CTE.  However,  there is  limited research ex-
ploring  the  relationship  between  fluorescence  emission  and
the phase transition behavior  of  CTE polymers  responsive to
environmental stimuli.[30,36]

The objective of this study was to synthesize a multi-stimu-
lus responsive cluster-induced fluorescent polyethyleneimine
(RFPEI)  using  a  catalyst-free  aza-Michael  addition  reaction.
The  reaction  involved  combining N-isopropyl  acrylamide
(NIPAM)  and  the  ethylene  imine  unit  (-CH2-CH2-NH-,  EI)  in
polyethyleneimine (PEI). RFPEI exhibited both LCST and UCST
responses, meaning that it underwent phase transitions with
changes in temperature. Additionally, RFPEI demonstrated pH
responsiveness in aqueous solutions. It  also displayed robust
CTE  in  response  to  temperature  and  pH  variations.  The  rela-
tionship between phase transition behavior and fluorescence
emission  was  investigated  in  this  study.  Factors  such  as  the
percentage of NIPAM grafting on PEI, polymer concentration,
and  pH  level  of  aqueous  solutions  were  evaluated  for  their
impact  on  the  phase  transition  behavior  and  fluorescent
properties  of  RFPEI.  Furthermore,  the  utility  of  RFPEI  was
demonstrated  in  various  applications.  It  was  used  for  cell
imaging  and  showed  promise  in  trace  detection  and  con-
trolled  release  of  doxorubicin  (DOX),  a  widely  used  anti-
cancer drug. Overall, this research presents the synthesis and
characterization of RFPEI, showcasing its multi-stimuli respon-
siveness and potential applications in biomedicine.

EXPERIMENTAL

Materials
Polyethyleneimine  (PEI,  AR, Mn=1800), N-isopropyl  acrylamide
(NIPAM,  AR),  and  adriamycin  hydrochloride  (DOX,  98%)  were
purchased  from  Aladdin  Chemical  (Shanghai,  China).  Ethanol,
sodium  hydroxide  (NaOH,  AR)  and  hydrochloric  acid  (HCl,  AR)
were purchased from Tianjin Fuyu Fine Chemical Co., Ltd., (Tian-
jin, China). The deionized water with a resistivity of 18.2 MΩ·cm
was prepared in the laboratory.

Synthesis of RFPEI
The synthesis of RFPEI involved a catalyst-free aza-Michael addi-
tion reaction using NIPAM and PEI  at  specific  molar  ratios.  In  a

typical reaction, 1.81 g (16 mmol) of NIPAM and 0.86 g (20 mmol
of EI unit) of PEI were dissolved in 20 mL of ethanol. The mixture
was stirred at room temperature until the disappearance of the
double bond peak of NIPAM, which was confirmed by 1H-NMR
analysis  conducted at  regular  intervals  of  0.5  h.  After  the com-
pletion of the reaction, the ethanol solvent was removed using
rotary evaporation, resulting in the formation of a viscous RFPEI
product.  A series of  RFPEI  samples were prepared by adjusting
the molar ratio of NIPAM/EI according to Table 1, following the
same procedure described above.

  
Table 1    Synthesis of RFPEI with varied NIPAM/EI molar ratios and the
corresponding data of GPC. 

Sample
NIPAM/EI (mol) GPC a

Feeding By 1H-NMR Mn PDI

P0 0/5 − − −
P1 1/5 0.95/5 2200 1.07
P2 2/5 1.8/5 2400 1.11
P3 3/5 2.7/5 3100 1.10
P4 4/5 3.8/5 3700 1.37
P5 5/5 4.2/5 4000 1.53

a GPC data examined in DMF at 1.0 mg/mL

 
Characterizations
Chemical structure of RFPEI was detected by Nuclear Magnetic
Resonance (NMR, Advance III, Brüker, USA, 400 MHz) using D2O
as solvent, and by Fourier transform infrared spectroscopy (FTIR,
Tensor 27, Brüker, USA) by KBr tablet in the range of 4000−400
cm−1.  Molecular  weight  of  RFPEI  was  measured  by  gel  perme-
ation  chromatography  (GPC,  Viscotek  TDA305max,  Malvern,
Britain) at 25 °C using DMF as solvent. Particle size and size dis-
tribution of  RFPEI  in  water  and mixed solution were measured
by dynamic light scattering (DLS, Nano-ZS, Malvern, Britain). The
transmittance  of  RFPEI  in  water  (1.0−100.0  mg/mL)  was  mea-
sured  by  UV  spectrophotometer  at  600  nm  (UV,  Lambda  35,
PerkinElmer,  USA)  equipped  with  a  HAAKE  temperature  con-
troller, and the temperature raised from 20 °C to 80 °C at a rate
of  2  °C/min.  Moreover,  the temperature at  which the transmit-
tance reaches to 50% is defined as LCST or UCST value. The pH
of  RFPEI  aqueous  solution  was  recorded  by  a  potential  titrator
(808 Titrando, Metrohm, Switzerland), and the pH was adjusted
to desired value using 0.2 mol/L NaOH or HCl solution. The fluo-
rescent properties of RFPEI aqueous solution were tested using
a fluorescence spectrometer (F-7000, Hitachi, Japan) with an ex-
citation and emission slit width of 2.5 nm and a voltage of 700 V.

RESULTS AND DISCUSSION

Synthesis and Characterization of RFPEI
The  synthesis  of  RFPEI  involved  the  aza-Michael  addition  reac-
tion  between  NIPAM  and  PEI  at  different  molar  ratios.  During
this  reaction,  the  electron-deficient  double  bond  of  NIPAM,
which  is  attached  to  an  electron-withdrawing  carbonyl  group,
was  attacked  by  the  adipic  amine  and  imine  groups  of  PEI.
Adipic  amine  and  imine  groups  possess  strong  alkalinity  and
lone  pair  electrons,  making  them  suitable  nucleophiles  for  the
reaction.  The  aza-Michael  addition  reaction  occurred  sponta-
neously  at  room  temperature  without  the  need  for  any
catalyst.[30,32,37−39] This demonstrates the facile and versatile na-
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ture  of  the  synthesis  method,  which  relies  on  the  distinctive
chemical properties of the reactants involved: the electron defi-
ciency  of  NIPAM  and  the  strong  alkalinity  of  PEI's  amine  and
imine  groups.  The  addition  reaction  between  NIPAM  and  PEI
can  be  categorized  into  three  distinct  forms,  as  illustrated  in
Scheme 1. In the first form (blue region a), a single addition re-
action takes place between NIPAM and the amine group locat-
ed on the side  chain  of  PEI.  In  the  second form (red region b),
NIPAM is added to the imine group located on the main chain of
PEI.  Finally,  in  the  third  form  (purple  region  c),  NIPAM  under-
goes  a  secondary  addition  reaction  with  the  imine  group
formed after the primary addition.

In summary, the addition reaction between NIPAM and PEI
can occur  in  three different  forms,  each with varying activity
levels  and  reaction  sequences.  The  aza-Michael  addition
mechanism explains that the imine group on the main chain
of  PEI  is  more  basic  than  the  amine  group  on  the  branch
chain, resulting in higher addition activity. However, the ster-
ic hindrance of the amine group on the branch chain is small-
er than that of the imine group on the main chain, increasing
the probability of reaction. When the amount of NIPAM is lim-
ited,  the  primary  addition  reactions  predominantly  occur  in
the  blue  zone  (a)  and  the  red  zone  (b).  As  the  amount  of
NIPAM increases, it tends to undergo secondary addition with
the  imine  group  formed  through  the  primary  addition,  once
the  basic  reaction  between  the  amine  group  on  the  branch
chain and the imine group on the main chain is complete. Re-

gardless of the number of branches in PEI, the molar amount
of active hydrogen in the amine and imine groups is equiva-
lent  to the molar  amount of  EI.  This  suggests  that  by adjust-
ing the molar ratio of NIPAM/EI, it is possible to link different
levels  of  NIPAM  to  the  PEI  molecular  chain.  This  is  further
demonstrated in Table 1.

The chemical structures of PEI,  NIPAM and RFPEI (P4) were
characterized  using 1H-NMR  and 13C-NMR  spectroscopy,  as
shown in Fig. 1 and Table S1 and S2 (in the electronic supple-
mentary information, ESI). In the 1H-NMR spectrum of PEI (Fig.
1a),  the  methylene  group  shows  a  consistent  chemical  envi-
ronment, resulting in a single peak at 2.5 ppm (H1, H2).[40] The
1H-NMR spectrum of NIPAM (Fig. 1b) displays four characteris-
tic  peaks  for  the  H  proton.  H4,  located  within  the  double
bond, appears as two separate peaks at 5.6 and 6.0 ppm due
to cis-trans isomerism.  The  methylene  group  (H8)  exhibits  a
peak  at  3.8  ppm,  which  can  be  attributed  to  the  electron-
withdrawing  effect  of  the  amide  group.  Additionally,  the
methyl group (H9) shows a characteristic peak at 1.0 ppm.[32]

In the P4 spectrum (Fig. 1c), the chemical shifts of the methy-
lene (H1, H2) in PEI, as well as the isopropyl (H8, H9) in NIPAM
remain relatively unchanged compared to their respective in-
dividual spectra. Notably, the characteristic peaks of the dou-
ble  bond  (H4,  H5)  in  NIPAM  almost  completely  disappear  in
the P4 spectrum.  Instead,  two new peaks  appear  at  2.1  ppm
and  2.7  ppm.  These  peaks  correspond  to  the  methylene
groups  (H4  and  H5)  formed  after  aza-Michael  addition,  con-
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Scheme 1    Synthesis of RFPEI through aza-Michael addition of NIPAM to PEI.
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Fig. 1    (a−c) 1H-NMR and (d−f) 13C-NMR spectra of (a, d) PEI, (b, e) NIPAM and (c, f) P4.
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nected with the imine and carbonyl groups, respectively.[32,41]

However,  it  is  important  to  note  that  the  amine/imine  pro-
tons  readily  undergo  substitution  with  deuterium  from  D2O.
Consequently,  no  distinct  characteristic  peak  of  the
amine/imine  groups  is  observed  in  the  spectrum.  Instead,  a
peak  attributable  to  H2O  formed  after  proton  substitution  is
detected at 4.7 ppm.

The 1H-NMR spectra of all  the RFPEI samples (P1−P5) were
shown in Fig.  S1 (in ESI),  and the resulting data matched the
analysis  results  mentioned above.  By comparing the integral
area of characteristic peaks for methylene (H1, H2) in PEI and
methyl (H9) attributed to NIPAM in RFPEI, we determined the
actual NIPAM/EI molar ratio,  which is summarized in Table 1.
As  indicated  in Table  1,  when  the  NIPAM/EI  dosage  was  be-
low  4/5,  the  measured  NIPAM/EI  ratio  in  RFPEI  was  slightly
lower  but  still  close  to  the  theoretical  value.  However,  when
the NIPAM/EI dosage reached 5/5, the observed NIPAM/EI ra-
tio  was  only  4.2/5.  This  discrepancy  could  be  due  to  the  in-
creased  steric  hindrance  caused  by  the  presence  of  a  side
chain  in  PEI.  The  hindrance  might  have  impeded  the  sec-
ondary  addition  of  certain  imines,  leading  to  a  lower  mea-
sured ratio.

The 13C-NMR spectra (Fig. 1) provides additional insights in-
to the preparation process of RFPEI. In the PEI spectrum (Fig.
1d),  eight peaks ranging from 37.8 ppm to 56.1 ppm are ob-
served  (Fig.  S2  and  Table  S3  in  ESI).  These  peaks  result  from
the presence of branched chains in PEI, where the methylene
group is connected to different nitrogen atoms in distinct mi-
croenvironments.[42] When  the  methylene  group  is  linked  to
tertiary  amine  (C1a,  C1b and  C1c),  its  peaks  appear  at  higher
chemical  shifts.  However,  as  more  secondary  and  primary
amines  are  connected,  the  peaks  of  the  methylene  group
gradually  shift  towards lower chemical  shifts  (refer  to Fig.  S2
and Table S3 (in ESI) for specific peak chemical shifts). NIPAM
exhibits five peaks (Fig. 1e and Table S2 in ESI). The peak cor-
responding  to  methyl  (C9)  appears  at  21.3  ppm,  methylate
(C8) at 41.8 ppm, and the peaks corresponding to the double
bonds  occur  at  126.8  ppm  (C4)  and  130.3  ppm  (C5)  due  to
their connection with the amide group. Additionally, a typical
carbonyl carbon peak at 167.3 ppm (C6) is observed.[32,43,44] In
the  P4  spectrum  (Fig.  1f and  Table  S2  in  ESI),  the  peaks  (C8
and C9)  attributed to  the isopropyl  group present  in  NIPAM,
as well as the peaks corresponding to the methylene group in
PEI,  remain  unchanged  in  terms  of  chemical  shift.  However,
after the addition reaction between PEI and NIPAM, the peaks
associated  with  the  double  bond  originally  assigned  to  NI-
PAM  disappear.  Instead,  two  new  methylene  groups  appear
at 35.6 ppm (C5) and 41.8 ppm (C4), respectively.[32] The posi-
tions of C4 and C8 overlap,  resulting in a significant increase
in the observed peaks in that region. Due to the addition re-
action  between  the  amine  group  and  partial  imine,  the
methylene peaks (C2c,  C2d)  related to primary amine present
in PEI shift to higher fields and eventually disappear. Simulta-
neously,  the  peak  corresponding  to  the  methylene  groups
(C1, C2) connected to secondary amine significantly decreas-
es. Additionally, as the double bond with the carbonyl group
transitions to a single bond, the characteristic peak of the car-
bonyl group shifts from 167.3 ppm to 173.3 ppm.

The FTIR spectra presented in Fig. S3 (in ESI) provide confir-

mation that the reaction between PEI and NIPAM proceeded
successfully.  In the spectrum of PEI,  the absorption band ob-
served at 3374 cm−1 corresponds to the NH2/NH stretching vi-
bration,  while  the  band  at  2958  cm−1 is  attributed  to  the
methylene  stretching  vibration  absorption.  For  NIPAM,  dis-
tinct  bands  are  visible  at  3296,  1659  and  1549  cm−1,  repre-
senting  the  NH  stretching  vibration,  C＝O  stretching  vibra-
tion,  and  NH  bending  vibration,  respectively.  Additionally,  a
frequency  doubling  band  of  the  NH  bending  vibration  and
band  of  C＝C―H  stretching  vibration  are  observed  at  3072
cm−1.[32,41,45] These absorption bands mentioned above are al-
so evident  in  the RFPEI  spectrum,  albeit  with some displace-
ment  due  to  the  changes  in  the  chemical  environment.  No-
tably,  the  stretching  vibration  absorption  band  of  the  C＝C
group  at  1618  cm−1 presented  in  NIPAM  is  not  observed  in
RFPEI  (P4),  providing  confirmation  of  the  occurrence  of  an
aza-Michael  addition  reaction  between  NIPAM  and  PEI.  Fur-
thermore,  the  wide  bands  observed  at  3200  cm−1 to  3500
cm−1 in  P4  indicate  the  presence  of  the  amide  group  and
amine/imine stretching vibrations. The bands at 2800 cm−1 to
2980  cm−1 can  be  attributed  to  the ―CH3 and ―CH2―
groups.

Additionally,  the Mn and  PDI  of  RFPEI  were  determined
through  GPC,  and  the  results  are  listed  in Table  1.  It  is  ob-
served  that  as  the  NIPAM/EI  ratio  increases,  more
amine/imine groups in PEI react with NIPAM, leading to an in-
crease in Mn. Mw increases more than Mn,  and number of PEI
molecular chain remains unchanged. Furthermore, it is differ-
ent  of  the  addition  ratio  of  NIPAM  to  each  PEI  molecular
chain,  resulting  in  increased  PDI  with  the  NIPAM/EI  ratio  in-
creasing.  These  findings  collectively  demonstrate  that  the
aza-Michael  addition  reaction  between  PEI  and  NIPAM  pro-
ceeded smoothly,  resulting in the successful  synthesis  of  RF-
PEI.

LCST and UCST of RFPEI
LCST-type polymers undergo a transition from a dissolved free
chain state to a curly state as the temperature increases, leading
to precipitation. On the other hand, UCST-type polymers are sol-
uble at high temperatures but become insoluble below the crit-
ical temperature.[33,35] RFPEI demonstrates both LCST and UCST
responsiveness,  with  its  LCST  being  smaller  than  UCST.  This
means  that  it  exhibits  hydrophobic  behavior  at  intermediate
temperatures  and hydrophilic  behavior  at  temperatures  below
the LCST (<30 °C)  and above the UCST (>80 °C)  (Fig.  S4 in ESI).
These  temperature-induced  transitions  in  RFPEI's  solubility  are
governed  by  the  competitive  relationship  between  polymer
molecules and between the polymer and solvent molecules.[35]

At  temperatures  between  the  LCST  and  UCST,  the  interaction
between  RFPEI  polymer  chains  becomes  stronger  than  the  in-
teraction between the polymer chains and water molecules, re-
sulting  in  the  aggregation  and  contraction  of  the  polymer
chains and a turbid solution. As the temperature decreases be-
low the LCST, the hydrogen bonding between RFPEI and water
strengthens,  forming  a  hydration  layer  on  the  polymer  chain,
leading  to  dissolution  of  the  polymer.  Increasing  the  tempera-
ture to the UCST point reduces intermolecular and intramolecu-
lar  forces,  but  the  thermal  motion  of  the  polymer  chains  and
water increases, increasing the polymer's solubility and causing
it to dissolve in water again, resulting in a clear solution.[46]
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The effects of the NIPAM/EI ratio on the hydrophilic proper-
ties  of  RFPEI  were  examined  by  evaluating  the  temperature-
dependent light transmittance of polymer aqueous solutions
(P1−P5) at different concentrations (25.0, 50.0, 75.0, and 100.0
mg/mL, Fig.  2a and Fig.  S5 in ESI).  When the NIPAM/EI molar
ratio was low (1/5, P1), the solution remained clear and trans-
parent across the entire observed temperature range (20−80
°C) at any concentration. This indicated that P1 did not exhib-
it  temperature responsiveness.  However,  as the NIPAM/EI  ra-
tio continuously increased from 2/5 to 5/5, the light transmit-
tance  of  the  polymer  (P2−P5)  initially  decreased  (LCST)  and
then  increased  (UCST)  with  an  increase  in  temperature.  This
trend  became  more  prominent  as  the  NIPAM/EI  ratio  in-
creased.  For  instance,  at  a  concentration  of  50.0  mg/mL,  the
transmittance of P2 only decreased to 90% with temperature
rise,  while  P3,  P4  and  P5  had  lower  transmittances  of  45%,
17%  and  8%,  respectively.  This  indicated  that  the  higher
NIPAM/EI ratios resulted in a greater change in light transmit-
tance with temperature variation.

PEI  is  a  hydrophilic  polymer,  and  its  aqueous  solution  re-
mains  clear  and  transparent  within  the  observed  range
(20−80  °C).  The  isopropyl  amides  are  the  key  groups  for  the
LCST-type  temperature  responsiveness  of  poly(NIPAM).[19,34]

The LCST behavior of RFPEI arises from the changing interac-
tion  between  the  isopropyl  amides  and  water  molecules  at
different  temperatures.  At  lower  temperatures,  the isopropyl
amides can form hydrogen bonds with water,  leading to the
formation  of  a  hydration  layer  around  the  RFPEI  chains.  This
hydration  layer  enhances  the  hydrophilicity  of  RFPEI  and  al-
lows it to remain soluble in water. As the temperature increas-
es, the strength of the hydrogen bond interactions decreases.
Once  the  temperature  reaches  the  LCST  value,  the  force  of
the  hydrogen  bonds  between  the  polymer  and  water  be-
comes weaker than the polymer-polymer interactions. Conse-
quently, RFPEI undergoes a transition from a hydrophilic state
to  a  hydrophobic  state,  causing  it  to  precipitate  out  of  the
aqueous  solution.  The  increase  in  the  isopropyl  amide  con-
tent  within  RFPEI  leads  to  a  more  significant  effect  on  this
transition.  As  a  result,  the  changes  in  transmittance  become
more  pronounced  with  an  increase  in  the  NIPAM/EI  ratio,  as
depicted in Fig. S5 (in ESI).

In  the  study,  the  LCST  and  UCST  values  were  specified

when  the  transmittance  of  an  aqueous  polymer  solution
reached  50%.  For  P2,  although  its  transmittance  changed
with  temperature,  it  did  not  decrease  to  50%  within  the  ob-
served range. Therefore, the specific LCST and UCST values of
P2 were not recorded. When the polymer was at a concentra-
tion of 50.0 mg/mL, the LCST value of the polymer decreased
as the NIPAM/EI ratio increased. and the LCST values of P3, P4
and P5 were found to  be 41.0,  36.7  and 35.4  °C,  respectively
(Table  S4  in  ESI).  It  is  commonly  known  that  for  hydrophilic
group-included LCST-type polymers,  the LCST value typically
increases.  Conversely,  the  LCST  value  decreases  with  the  in-
clusion  of  hydrophobic  groups.[30,32,33] In  this  case,  as  more
NIPAM is introduced, the hydrophilic EI unit in RFPEI decreas-
es,  resulting  in  diminished  hydrophilic  properties  of  RFPEI.
Consequently, the LCST value of the polymer decreases.

Based on Fig. 2(a), Fig. S5 and Table S4 (in ESI), it is evident
that the UCST value of RFPEI increases with an increase in the
NIPAM/EI  ratio  at  the  same  concentration.  Taking  the  exam-
ple of a concentration of 50.0 mg/mL, the UCST values of P3,
P4  and  P5  are  50.3,  63.9  and  71.0  °C,  respectively.  Neat  PEI,
which  contains  only  hydrophilic  EI  units,  exhibits  smaller  in-
termolecular  forces  compared  to  the  interaction  between
molecular  chains  and  water.  As  a  result,  it  remains  clear  and
transparent  over  the  observed  temperature  range.  However,
when  NIPAM  was  introduced,  the  carbonyl  groups  form  hy-
drogen  bonds  with  amine/imine  groups,  and  there  is  a  hy-
drophobic  interaction  between  NIPAM  within  the  tempera-
ture  range from LCST to  UCST.  This  leads  to  significantly  en-
hanced  intermolecular  and  intramolecular  interactions.  To
counteract  this  effect  under  the  same  conditions,  a  higher
temperature  is  required.  Therefore,  the  UCST  value  of  the
polymer increases as the NIPAM/EI ratio increases.

The phase transition temperature of RFPEI is influenced by
the  concentration  of  the  polymer.[30,32] At  a  low  concentra-
tion of 25.0 mg/mL (Fig. S5a in ESI), the light transmittance of
P2−P5  aqueous  solution  initially  decreased  and  then  in-
creased  with  increasing  temperature.  However,  the  light
transmittance  of  all  samples  did  not  drop to  50%,  so  we did
not record the LCST and UCST. As the polymer concentration
increased, the LCST value of RFPEI decreased while the UCST
value  increased.  Considering  the  example  of  P4  (Fig.  S5  and
Table S4 in ESI),  when the concentration increased from 50.0
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Fig. 2    Temperature-dependent light transmittance spectra (600 nm) of aqueous solution of RFPEI (P1−P5) at 50.0 mg/mL and pH=7 (a), and that
of P4 at varied pH values with fixed concentration of 50.0 mg/mL (b).

830 Yin, F. M. et al. / Chinese J. Polym. Sci. 2024, 42, 826–837  

 
https://doi.org/10.1007/s10118-024-3120-x

 

https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x
https://doi.org/10.1007/s10118-024-3120-x


mg/mL  to  100.0  mg/mL,  its  LCST  decreased  from  36.7  °C  to
35.0  °C,  and  its  UCST  increased  from  63.9  °C  to  71.1  °C.  This
behavior  can be  explained by  the  increase  in  the  number  of
molecular  chains  per  volume  as  the  polymer  concentration
increases.  With  a  higher  concentration,  there  is  a  greater
probability  of  interaction between the molecular  chains.  The
increased  interchain  forces  require  more  hydrogen  bonding
forces between RFPEI chains and water molecules to counter-
balance each other.  Consequently,  the temperature required
to achieve force equilibrium between polymer- polymer and
polymer-H2O  interactions  is  reduced,  resulting  in  a  decrease
in  the  LCST.  Similarly,  in  hot  regions  (for  UCST),  higher  tem-
peratures are needed to further reduce the concentration-en-
hanced  polymer-polymer  force  by  thermal  motion  of  H2O
molecules. Overall, the influence of polymer concentration on
the phase transition temperature of RFPEI is attributed to the
increased  interchain  forces  and  subsequent  changes  in  the
equilibrium between polymer- polymer and polymer-H2O in-
teractions at different temperatures.

The  temperature-dependent  light  transmittance  of  RFPEI
solution (50.0 mg/mL) at  different pH values is  shown in Fig.
2(b) and Fig. S6 (in ESI) (P2−P5). The corresponding LCST and
UCST values are listed in Table S5 (in ESI). When the pH value
is  not higher than 9,  the transmittance of  the RFPEI  aqueous
solution  initially  decreases  and  then  increases  with  increas-
ing  temperature.  This  change  trend  is  relatively  weak  at  low
pH values but becomes more pronounced as the pH value in-
creases.  For  example,  when pH=3,  the light  transmittance of
P4 is only reduced to 60%. However, when the pH is above 9,
the light  transmittance can be reduced to  less  than 2%.  Fur-
thermore,  as  the  pH  value  increases,  the  LCST  of  RFPEI  de-
creases  gradually  while  the  UCST  increases.  Taking  P4  as  an
example  again,  the  LCST  decreases  from  39.5  °C  at  pH=5  to
35.7 °C at pH=11. Similarly, the UCST increases from 45.8 °C at
pH=5  to  76.0  °C  at  pH=9.  No  UCST  was  observed  within  the
detection range when the pH value was further increased to
11.  These  results  depend  on  the  different  states  of
amine/imine  groups  in  the  molecular  chains  under  varying
pH values. At lower pH values, amine/imine protolysis occurs
(―NH3

+/＝NH2
+),  which  enhances  the  interaction  between

RFPEI and water,  making RFPEI more hydrophilic.  Additional-
ly,  the  electrostatic  repulsion  between  ionized  RFPEI  also  in-
creases,  weakening the interaction between RFPEI  chains.  As
a result,  the polymer is less likely to precipitate from the wa-
ter, leading to a weaker change in light transmittance, as well
as higher LCST and lower UCST values. On the other hand, at
higher  pH  values,  amine/imine  deprotonation  (―NH2/＝NH)
reduces the hydrophilicity of RFPEI and weakens the electro-
static  repulsion between polymer chains.  This  leads to lower
LCST values and higher UCST values.

Fluorescence Property of RFPEI
As shown in Fig. S4(b) (in ESI), the RFPEI aqueous solution (50.0
mg/mL) exhibits bright blue fluorescence under ultraviolet irra-
diation,  with  its  fluorescence  properties  changing  at  different
temperatures.  The  optimal  excitation  (λex)  and  emission  (λem)
wavelengths  of  P0−P5  aqueous  solutions  (50.0  mg/mL,  pH=7,
25 °C) were determined (Fig. S7 and Table S6 in ESI). It is evident
that  the fluorescence intensity  (FI)  and λem of  RFPEI  are  closely
related to the NIPAM/EI ratio. Under the same conditions, the FI

of PEI (P0) is very weak (lower than 40), whereas the FI of other
samples is stronger (Fig. S7 in ESI). Previous literatures reported
that the presence of amide-amine groups as fluorophores.[47,48]

Therefore,  we believe that  the fluorescence of  RFPEI  originates
from the formation of amide-amine groups following the addi-
tion  of  NIPAM  to  PEI.  As  the  NIPAM/EI  ratio  increases,  more
amide-amine groups are formed, resulting in a sharp increase in
FI for P1 and P2. However, as the NIPAM/EI ratio further increas-
es,  although  more  amide-amines  are  formed,  the  amine/imine
groups in RFPEI decrease. This reduction weakens the hydrogen
bond  between  the  amine/imine  and  amide-amine  groups,
which  hinders  the  formation  of  intra- and/or  inter-molecular
clusters, leading to a slight decrease in FI from P3 to P5. To vali-
date  the  impact  of  amide-amine  interactions  on  the  fluores-
cence  enhancement,  the  fluorescence  emission  spectra  of  PEI,
free  NIPAM  and  their  fresh  mixture  solution  were  compared
with  P4  at  the  equivalent  concentration  (50.0  mg/mL, λex=370
nm, Fig.  S8 in ESI).  It  can be seen that,  free NIPAM and its mix-
ture with PEI  also have fluorescence emission,  and the fluores-
cence spectrum of the mixture is similar to that of NIPAM. How-
ever, their λem are all at 432 nm, which is very different from the
480  nm  of  P4.  Thus,  it  can  be  inferred  that  the  fluorescence
emission of RFPEI comes from the amide-amine groups formed
after the addition of NIPAM and PEI, rather than their non-cova-
lent  complexes.  Furthermore,  a  certain  volume  of  hexafluo-
roisopropanol  (1.0  vol%−4.0  vol%),  a  hydrogen  bonding  de-
stroying  agent,  was  added  into  P4  aqueous  solution  (50.0
mg/mL),  and  the  fluorescence  emission  spectra  excited  at  370
nm were  determined (Fig.  S9  in  ESI).  With  the  increase  of  hex-
afluoroisopropanol content, the fluorescence intensity of P4 de-
creased  significantly  at  first  and  then  slowly,  that  may  be  be-
cause  that  the  hydrogen  bond  interaction  between  P4
molecules was destroyed by adding hexafluoroisopropanol. Ad-
ditionally, as the NIPAM/EI ratio increases, the optimal λem shifts
from 467 nm for P1 to 475 nm for P5 (Table S6 in ESI).

The  fluorescence  emission  spectra  of  RFPEI  (P0−P5)  aque-
ous  solution  (50.0  mg/mL,  pH=7,  25  °C)  at  different λex were
recorded (Fig. 3a and Fig. S10 in ESI).  With increasing λex,  the
FI  of  RFPEI  (P1−P5)  aqueous  solution  initially  increases  and
then decreases, while the λem red-shifts accordingly. This indi-
cates  that  RFPEI  exhibits  excitation-dependent  fluorescence
emission. In studies of CTE polymers, size effect has been the
widely  accepted  theory  for  excitation  dependent  emission,
i.e.,  the  energy gaps  are  determined by the size  of  the local-
ized C＝O clusters and their size distribution, and emission is
determined  by  this  band  gap.  The  smaller  is  the  size,  the
wider is the energy gap.[25,28] The fact that RFPEI emission had
excitation  dependent  property  was  exactly  because  clusters
of different size were formed. The FI of P1−P5 reaches its max-
imum at an excitation wavelength of 370 nm, thus 370 nm is
selected  as  the  optimal λex under  these  conditions  (50.0
mg/mL, pH=7) for further study.

The  FI  of  CTE  polymers  is  closely  related  to  the  polymer
concentration.[23,25,28,30] To  investigate  this  relationship,  the
fluorescence  spectra  of  RFPEI  (P1−P5)  were  measured  at  dif-
ferent  concentrations  using an excitation wavelength of  370
nm (Fig. 3b and Fig. S11 in ESI). The results show that the FI of
RFPEI  aqueous  solution  initially  increased  and  then  de-
creased  with  increasing  polymer  concentration.  For  all  sam-
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ples (P1−P5),  the FI  reached its  maximum at  a  concentration
of  75.0  mg/mL.  This  observation  may  be  attributed  to
changes  in  the  clustering  state  of  RFPEI  at  different  concen-
trations,  leading  to  variations  in  its  optimal  excitation  wave-
length (λex).  To further support this hypothesis, we examined
the  excitation  dependence  of  P4  at  different  concentrations
(Fig.  S12  and  Table  S7  in  ESI).  The  results  indicated  that,  re-
gardless of the concentration, the emission wavelength (λem)
of P4 aqueous solution increased as the λex increased, and the
FI exhibited an initial increase followed by a decrease. Specifi-
cally,  when  the  P4  concentration  was  not  higher  than  75.0
mg/mL, the FI was maximized at an excitation wavelength of
370 nm. However,  when the P4 concentration reached 100.0
mg/mL, the FI was maximized at an excitation wavelength of
390 nm.

The  cluster  state  of  polymers  in  solution  is  dependent  on
temperature.[28,30] Thus,  we  detected  the  fluorescence  emis-
sion spectra of RFPEI aqueous solution (50.0 mg/mL, pH=7) at
different  temperatures  (Fig.  3c and  Fig.  S13  in  ESI).  As  men-
tioned earlier, P1 did not show any thermo-responsive behav-
ior  and  remained  clear  and  transparent  within  the  observed
temperature  range  (Fig.  S5  in  ESI).  The  increase  in  tempera-
ture aggravates  the movement of  polymer molecules,  which
is not favorable for the formation of  clusters.  Therefore,  FI  of
P1 gradually decreases with increasing temperature (Fig. S13a
in ESI).  On the other hand, the FI  of P2−P5 initially decreases
and  then  increases  with  temperature,  accompanied  by  a

rapid decrease in FI at 30−45 °C (Figs. S13b−S13e in ESI). This
can be attributed to the sharp decrease in light transmittance
of  the  RFPEI  solution  at  30−45  °C,  where  the  turbid  solution
scatters part of the exciting light, thereby obstructing its pen-
etration  into  the  solution.  The  change  in  light  transmittance
of P2 is less significant compared to that of P3−P5 (Fig. S5 in
ESI),  resulting  in  a  less  significant  reduction  in  FI  for  P2  be-
tween 30 and 45 °C. When the temperature exceeds 65 °C, the
FI starts to increase (Fig. S13f in ESI). This is because the tem-
perature  reaches  the  UCST  of  RFPEI,  causing  the  solution  to
become clear and transparent. However, such high tempera-
tures are not conducive to the formation of polymer clusters,
hence the FI is much lower than those of clarified transparent
aqueous solutions at lower temperatures (<LCST). For P4 at a
low concentration (5.0 mg/mL), there is slight change in light
transmittance (Fig. S14a in ESI), hence no sudden reduction in
FI  can  be  observed  (Fig.  S14b  and  S14c  in  ESI).  From  the
above  description,  it  can  be  seen  that  for  temperature-re-
sponsive  polymers,  FI  is  influenced  by  temperature  in  two
ways.  First,  the  increase  in  temperature  enhances  the  move-
ment of polymer molecules, disrupting cluster formation and
reducing FI. Second, the change in light transmittance of the
solution with temperature affects the permeation of exciting
light into the solution, leading to a reduction in FI.

The  protonation-deprotonation  of  amine/imine  groups  in
polymers,  which  occurs  at  different  pH  values,  leads  to  the
formation  of  distinct  clustering  states.[28,30] The  fluorescence
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Fig.  3    Fluorescence  emission  spectra  of  P4  aqueous  solution  at  different  excitation  wavelengths  (a,  50.0  mg/mL,  pH=7,  25  °C);  and  that  at
different concentrations (b, 25 °C, pH=7), different temperatures (c, 50.0 mg/mL, pH=7) and different pH values (d, 50.0 mg/mL, 25 °C) all excited at 370 nm.
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emission  spectra  of  RFPEI  aqueous  solution  (50.0  mg/mL)
were recorded at various pH values using an excitation wave-
length of  370 nm. As shown in Fig.  3(d)  and Fig.  S15 (in ESI),
the FI of RFPEI gradually decreases with an increase in pH val-
ue.  The  most  significant  decrease  in  FI  occurs  within  the  pH
range of  5−7,  where the amines undergo protonation or  de-
protonation. It should be noted that for some amine-contain-
ing  polymers,  the  protonated  amine  groups  make  the  poly-
mers  more  hydrophilic,  which  is  not  favorable  for  the  CTE
property.[28,49] In  contrast  to  these  amine-containing  poly-
mers, RFPEI exhibits higher FI at low pH values, and this phe-
nomenon can be attributed to two reasons. First, the charged
amine/imine  groups  reposition  themselves  towards  the  pe-
riphery  of  the  molecular  clusters,  causing  the  amide-amine
groups  to  stack  more tightly  within  the  clusters  and limiting
the  free  rotation  of  the  polymer  chain  to  some  extent.  Sec-
ond,  the charged amine/imine groups also participate in the
aggregation  of  amide-amine  groups,  resulting  in  an  in-
creased charge density and enhanced fluorescence.

Emission Mechanism of RFPEI
It is generally believed that, the formed polymer clusters are the
source  of  CTE,  and  its  clustering  state  is  affected  by  polymer
concentration, temperature, pH, and so on, resulting in fluores-
cence changes.

DLS was employed to analyze the cluster size and size dis-
tribution  of  RFPEI  aqueous  solutions  at  different  concentra-

tions (pH=7) (Fig. 4a, Fig. S16 and Table S8 in ESI). The results
indicate  that  the  cluster  size  of  RFPEI  slightly  decreases  with
increasing  polymer  concentration  up  to  75.0  mg/mL.  How-
ever,  beyond  this  concentration,  the  cluster  size  sharply  in-
creases.

Taking P4 as an example (Fig. 4a), its cluster size decreases
slightly from 2.09 nm to 1.49 nm as the concentration increas-
es from 25.0 mg/mL to 75.0 mg/mL. But when the concentra-
tion reaches 100.0 mg/mL and 125.0 mg/mL,  the cluster  size
rapidly  increases  to  58.36  and  99.05  nm,  respectively.  This
abrupt  change  in  cluster  size  is  consistent  with  the  corre-
sponding  FI  changes  observed  with  varying  P4  concentra-
tions  (Fig.  3b).  Interestingly,  it  is  worth  noting that  RFPEI  ex-
hibits the smallest cluster size and the largest FI (λex=370 nm)
at  a  concentration  of  75.0  mg/mL.  In  contrast  to  previous
studies  where  FI  of  polymers  and  their  cluster  size  increase
with polymer concentration,[23,28,30] our findings reveal an in-
verse relationship for RFPEI. This can be attributed to the fact
that smaller clusters have a more compact structure and high-
er electron cloud density.

Furthermore,  we  investigated  the  cluster  size  of  RFPEI
aqueous solution (50.0 mg/mL) at different pH values (Fig. 4b,
Fig. S17 and Table S9 in ESI). It can be observed that the clus-
ter size of RFPEI gradually increases as the pH value increases.
For instance,  the cluster size of P4 increases from 1.28 nm at
pH=3 to 3.30 nm at pH=11 (Fig. 4b). As discussed earlier, the
FI  reaches the strongest  at  lower pH values and the weakest
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at higher pH values (Fig. 3d). Moreover, it is still inversely pro-
portional to the particle size.  This observation indirectly sup-
ports  the  hypothesis  that  the  charged  amine/imine  group
flips to the periphery of the cluster, causing the fluorescence-
producing  amide-amine  groups  to  be  more  densely  packed
inside the clusters.

Moreover,  FTIR  and  NMR  are  also  reliable  techniques  to
confirm the formation of clusters.[23−30] In the case of P4 aque-
ous  solution,  FTIR  and 13C-NMR  were  conducted  at  different
concentrations  (Figs.  4c and 4d).  When  the  concentration  of
P4  increased  from  5.0  mg/mL  to  125.0  mg/mL,  notable
changes can be observed in the FTIR spectra. Specifically, the
stretching vibration band of the C＝O bond shifts from 1643
cm−1 to  1647 cm−1,  while  the  bending vibration band of  the
NH  group  shifts  from  1550  cm−1 to  1545  cm−1 (Fig.  4c).  Fur-
thermore,  when  the  concentration  of  P4  increased  from  5.0
mg/mL to 125.0 mg/mL, the chemical shift of the C＝O bond
altered  from  173.4  ppm  to  173.2  ppm  in  the 13C-NMR  spec-
trum  (Fig.  4d).  This  can  be  attributed  to  the  movement  of
electrons from the NH bond towards the C＝O group as  the
concentration  of  P4  increases.  Consequently,  the  electron
cloud  density  around  the  C＝O  group  increases,  whereas  it
decreases around the NH bond.[28,30]

Cell Imaging, Trace Detection and Controlled Release
of DOX
The  cytotoxicity  of  RFPEI  (P4)  was  assessed  using  a  standard
MTT assay (details are shown in ESI). 4T1 cells were treated with
P4 at a concentration of 0−20.0 μg/mL for 24 h, and the results
showed  a  high  cell  viability  of  97%  (Fig.  S18  in  ESI),  indicating
that P4 has low cytotoxicity towards 4T1 cells. Subsequently, the
cells  were  incubated  with  the  same  concentration  of  P4  (10.0
μg/mL) for 24 h and observed under confocal microscopy. The
images show blue and green fluorescence signals (Fig.  5),  indi-
cating  that  P4  can  easily  entered  living  cells.  Furthermore,  the

probe was mainly localized in the cytoplasm, which overlapped
perfectly  with  the  fluorescent  distribution  in  the  merged  im-
ages.  These  findings  suggest  that  P4  has  the  potential  to  be
used for bio-imaging purposes.

UV  spectra  show  that  DOX  (40  μmol/L)  and  P4  solution
have no absorption at 600 nm (Fig. S19 in ESI), thus the added
DOX  in  RFPEI  solution  did  not  interfere  with  the  measure-
ment of LCST and UCST. The effect of DOX concentration (de-
fined  as  [DOX],  μmol/L)  on  LCST  and  UCST  of  RFPEI  (50.0
mg/mL)  was  tested  (Fig.  S20  and  Table  S10  in  ESI).  With  the
increase of [DOX], LCST of RFPEI gradually decreases and UC-
ST  increases.  Taking  P4  for  example,  with  [DOX]  increases
from 0 μmol/L to 120 μmol/L, LCST decreases from 37.8 °C to
36.1 °C, and UCST increases from 62.5 °C to 68.6 °C. When hy-
drophobic DOX is added into RFPEI, the RFPEI-DOX complex-
es  are  formed  through  hydrogen  bond  interaction.  The
formed RFPEI-DOX is more hydrophobic than RFPEI, thus the
LCST decreases and UCST increases.

The  optimal λex and λem of  DOX  aqueous  solution  (100
µmol/L)  are  502  and  568  nm,  respectively  (Fig.  S21a  in  ESI).
Additionally, there is minimal emission at 568 nm when excit-
ed  at  370  nm  (Fig.  S21b  in  ESI),  indicating  that  the  intrinsic
emission of  DOX has  negligible  influence on RFPEI  emission.
To evaluate the impact of DOX concentration on RFPEI emis-
sion, we recorded the fluorescence spectra of RFPEI aqueous
solution  (50.0  mg/mL)  with  different  [DOX]  (Fig.  6a and  Fig.
S22  in  ESI, λex=370  nm,  0−100  μmol/L).  As  [DOX]  increases,
the emission peak of RFPEI undergoes a blue shift and the flu-
orescence intensity gradually decreases. Simultaneously, new
peaks  appear  in  the  range of  550−600 nm,  which  can be  at-
tributed to the emission of DOX. In Fig. S21(a) (in ESI), it is evi-
dent  that  DOX emits  within  the  range of  550−600 nm when
excited  at  502  nm,  and  the  emission  spectrum  of  RFPEI  (P4)
coincides  with  the  excitation  spectrum  of  DOX  within  the
range  of  400−550  nm.  The  UV  spectrum  of  DOX  (Fig.  S19  in
ESI)  also  confirms  its  strong  absorption  peak  within  this
range.  Hence,  the  fluorescence  quenching  mechanism  of
RFPEI  by  DOX  is  apparent,  whereby  the  emission  of  RFPEI  is
absorbed by DOX. Some literatures refer to it as inner filter ef-
fect.[30,49,50]

The  blue  shift  observed  in  RFPEI  emission  wavelength
when mixed with  DOX is  partially  caused by  the  decrease  in
electron  cloud  density  of  the  carbonyl  and  NH  groups  on
RFPEI.  This  can be supported by FTIR spectra  of  RFPEI  mixed
with varying content of [DOX] (Fig. S23 in ESI). Specifically, the
stretching  vibration  band  of  the  C＝O  group  red  shifts  from
1645 cm−1 to  1642 cm−1,  and the bending vibration band of
NH red-shifts from 1549 cm−1 to 1544 cm−1 when [DOX] in the
mixed solution increases  from 0 μmol/L to 20 μmol/L.  More-
over,  the  stretching  vibration  band  of  NH2/NH  (3466  cm−1)
gradually  decreases.  These  results  indicate  that  the  RFPEI-
DOX complexes are formed through hydrogen bond interac-
tion.

When  the  concentration  of  DOX  is  in  the  range  of  2−10
µmol/L,  FI  of  RFPEI  decreases  linearly  with  increasing  DOX
concentration (Fig. 6b). The detection limit (DL) was calculat-
ed using the equation: DL = K × σ/S,[25−27,29,30] where K is a nu-
merical  factor  (usually  taken  as  3  for  a  confidence  level  of
99.9%), σ is the standard deviation of the blank samples from
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Fig.  5    Confocal  fluorescence  images  of  living  4T1  cells  with
excitation at 405 nm after incubation in presence of P4 (10.0 μg/mL)
for  24  h:  (a)  bright  filed,  (b)  blue  channel  (425−475  nm),  (c)  green
channel (500−550 nm), (d) merged image.
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at  least  20  measurements,  and S is  the  slope  of  the  linear
curve of  FI  versus DOX concentration.  The calculated DL val-
ues for DOX using P3, P4 and P5 are 2.8×10−7 mol/L (σ=2.60,
S=27.67),  5.1×10−7 mol/L  (σ=4.51, S=26.42)  and  5.3×10−7

mol/L  (σ=4.81, S=27.03),  respectively.  The  DL  of  DOX  using
RFPEI  is  better  and  comparable  to  the  DOX  probes  reported
in  the  literature  (Table  S11  in  ESI).[51−55] The  reported  DOX
probes with lower DLs are often carbon dots,  quantum dots,
metal  nanoparticles, etc.,  which require complex preparation
processes.  In  this  work,  RFPEI  was  prepared  in  one  step
through catalyst-free aza-Michael addition of PEI with NIPAM
at  room  temperature,  offering  a  new  strategy  for  preparing
DOX probes.

Based on their multi-responsiveness, RFPEI can be used for
loading and controlled release of drugs. Since the LCST of P4
is close to the human body temperature, we studied the load-
ing and controlled release  behavior  of  P4  on DOX (details  in
ESI). At low temperature (25 °C), certain amount of DOX is dis-
solved  in  P4  aqueous  solution  (50.0  mg/mL,  pH  7.4).  At  this
time,  the polymer chain is  in the stretched state,  and DOX is
easy to produce hydrogen bond interaction with the molecu-
lar chain. This interaction has been certified by the changes in
LCST (Fig. S20 in ESI) and characteristic bands in FTIR spectra
(Fig. S23 in ESI). Once the temperature reaches up to 37 ºC, P4
with DOX are coprecipitated from solution and micelles with

DOX core and P4 shell are formed with particle size about 4.2
nm (Fig. S24 in ESI). The unloaded DOX is separated by dialy-
sis  method  and  its  concentration  in  phosphoric  acid  buffer
outside the dialysis tube is calculated by DOX standard curve
(Fig. S25 in ESI).  Load capacity (DLC, mg/g) and load efficien-
cy  (DLE,  %)  of  DOX  by  P4  were  recorded  at  varied  added
amount of DOX (Fig. 6c). With added DOX increases, the DLC
increases and DLE decreases. When 1.0 mg/mL DOX is added,
DLC of DOX by P4 is 13.19 mg/g and DLE is 65.96 %.

The DOX loaded P4 (DLC=13.19 mg/g, DLE=65.96%) in dial-
ysis tube was directly immersed into 150 mL of distilled water,
and  the  cumulative  drug  release  at  different  time  was  mea-
sured (Fig.  6d).  It  is  clear  to  see that  a  gentle  release of  DOX
from P4 micelles was observed at pH=7.4, only 20% DOX is re-
leased  after  60  h.  However,  a  rapid  release  of  DOX  is  ob-
served at pH=5.0 (Fig. 6d) and around more than 68% DOX is
released after  60 h.  Thus,  P4 is  potential  in  pH-induced drug
release.

CONCLUSIONS

In  this  study,  a  multi-responsive  polymer  RFPEI  was  prepared
between PEI and NIPAM using a non-catalytic aza-Michael addi-
tion  reaction  and  its  structure  was  thoroughly  characterized.
The polymer exhibits  both LCST and UCST properties  in water.
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Fig. 6    Fluorescence emission spectra of P4 (50.0 mg/mL) with varied [DOX] (a, 0−100 µmol/L), and linear fitting of fluorescence intensity and
[DOX] (b); LCST value (■), DLC (○) and DLE (☆) of DOX-loaded P4 (c, 50.0 mg/mL, pH=7) and cumulative DOX release from the P4 micelles at 37 °C
with different pH values (d).
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The influence of  the  NIPAM/EI  molar  ratio,  polymer  concentra-
tion, pH, and temperature on the phase transition behavior was
investigated.  It  was  found  that  at  P4  concentration  of  50.0
mg/mL and pH=7, the LCST of P4 was 36.7 °C, which closely re-
sembles  human  body  temperature.  Additionally,  the  effect  of
temperature,  pH,  and concentration on the fluorescence prop-
erties  of  the  polymer  was  examined  and  correlated  with  the
phase  transition  process.  The  luminescence  mechanism  was
elucidated through various techniques, including DLS, FTIR, and
NMR,  revealing that  it  is  based on the formation of  copolymer
clusters  through  the  interaction  of  amide-amine  groups  and
imine groups.  Finally,  the potential  applications of RFPEI in cell
imaging,  controlled  release  of  DOX,  and  trace  detection  were
demonstrated. The utilization of RFPEI in antitumor drug deliv-
ery systems holds great significance in research endeavors.
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