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pH-switchable polypeptide nanoparticles for chemo-photothermal therapy.

Public summary

m A new polypeptide copolymer, P(Glu-co-Lys), was synthesized by the polymerization of a-amino acids via the N-
thiocarboxylic acid anhydride (NTA) method.

m Both drugs and organic dyes can be efficiently encapsulated by the self-assembly of the copolymer, and the drug deliv-
ery system shows pH-sensitive performance.

m In vitro experiments reveal that the nanoparticles show efficient smart combined chemo-photothermal therapy.
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Abstract: A new smart supramolecular polypeptide copolymer P(Glu-co-Lys) was synthesized by the polymerization of o-
amino acids using the N-thiocarboxylic acid anhydride (NTA) method, using the pH dynamic response peptide of L-
glutamic acid and L-lysine as a carrier for tumor cells. The drug delivery system activated by external acid can self-as-
semble (pH 7.4) and disassemble (pH 5.5) under the adjustment of pH to load the drug and control its release. Doxycyc-
line (DOX) and the photothermal reagent hydrophilic quanternary stereo-cyanine (HQS-Cy) were loaded into the peptide
copolymer to obtain HQS-Cy/DOX nanoparticles (NPs) for chemo-photothermal therapy. Gentle photothermal heating can
enhance the absorption of drugs by cells and enhance the efficacy of chemotherapy. In addition, chemo-photothermal ther-
apy can solve the defect of easy recurrence after single photothermal therapy. The ingenious nanodrug delivery system of
HQS-Cy/DOX NPs provides great potential for the improvement of chemo-photothermal therapy and will achieve excel-

lent therapeutic effects in cancer treatment.
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1 Introduction

Chemotherapy plays a fundamental role in the treatment of
metastatic cancer. However, to date, the severe side effects
and multidrug resistance caused by high-dose chemothera-
peutic drugs have been difficult to overcome!-”. Encour-
agingly, some studies have shown that hyperthermia caused
by near-infrared (NIR) radiation can not only directly kill
cancer cells but also significantly inhibit the spread of cancer
cells, enhance the sensitivity of cancer cells to chemotherapy
drugs, and produce additive or synergistic anticancer effects™ .
Therefore, the combination of chemotherapy and phototherm-
al therapy (PTT) is considered to be a promising strategy.
Compared with single chemotherapy, the combination of
chemotherapy and photothermal therapy can significantly in-
crease cytotoxicity at lower drug doses.

a-Amino acid N-thiocarboxylic acid anhydride (NTA) is
the thio analog of N-carboxyanhydrides (NCAs). It is a more
stable monomer, which has reduced sensitivity to moisture
and heat and does not require the use of phosgene derivatives
in the synthesis. NTA can be exposed to air for synthesis and
purification and stored at room temperature for months to
years. Although NTA compounds have been discovered since
1950, they are usually used for the stepwise synthesis of oli-
gopeptides®™. Due to their low reactivity, research on their
polymerization was very limited before 2014%. Only in the
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past five years has the controlled polymerization of NTA and
NNTA initiated by primary amines and rare earth boro-
hydrides in polar and nonpolar solvents been promoted. Be-
cause NTA is easy to synthesize and can efficiently produce
PAA, researchers are paying increasing attention to it.
Synthetic peptides are one of the most important biode-
gradable polymers, and they have been widely used in bio-
medical fields such as biosensors, drug delivery, tissue engin-
eering, and medical diagnosis™'". Poly-L-glutamic acid and
poly-L-lysine are typical polypeptides with many pH-
responsive groups on their side chains. It is reported that the
PNiPAM (PLG-co-PLLys) copolymer responds to the pH
value in aqueous solution. The unique response behavior of
PNiPAM (PLG-co-PLLys) to pH is controlled by the compet-
ition between lysine and glutamic acid residues for protona-
tion and deprotonation'!. Lecommandoux and his colleagues
reported that diblock copolymers (PGA-b-PLys) form pH-
sensitive nanoparticles, and vesicles can be reversibly pro-
duced in purified water according to the pH value'”. Am-
phiphilic peptides with opposite charges can undergo copoly-
merization reactions at neutral pH to form supramolecular hy-
droparticles, which are triggered by intermolecular attraction,
hydrogen bonds, and n-r stacking interactions'>'". The inter-
actions will destroy the stability of the hydroparticle, thereby
providing a potential pH response for the controlled release of
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the loaded drug.

Inspired by these studies, here, we designed a drug deliv-
ery system that uses the pH dynamic response peptides of L-
glutamic acid and L-lysine as carriers that are sensitive to the
lyso/endosome acidic environment of tumor cells, which can
be adjusted by pH to carry out self-assembly (pH 7.4) and
disassembly (pH 5.5) to load the drug and control its release
(Scheme 1). L-Lysine and L-glutamic acid provide opposite
charges. Under neutral pH (pH 7.4), the responsive peptide is
biocompatible due to hydrogen bonds and intermolecular
electrostatic interactions between cations and anions.
However, under acidic conditions (pH 5.5), the carboxylic
acid group of glutamic acid is protonated to change the size of
the nanoparticles to control the release. The study of two-
component supramolecular networks based on amphiphilic
peptides with opposite charges may provide reference ideas
and suggestions for the development of required pH-switch-
able nanoparticles. DOX and the photothermal reagent HQS-
Cy were loaded into the polymer to perform chemotherapy
and photothermal combined therapy. Gentle photothermal
heating can enhance the absorption of drugs by cells to en-
hance the efficacy of chemotherapy'>'®, and chemo-photo-
thermal therapy can solve the defect of recurrence after pho-
tothermal treatment.

2 Materials and methods

2.1 Synthesis N-(Ethoxycarbonothioyl)-N-methylglycine

17 mL ethanol, 2.19 g NaOH (54.7 mmol), and 42 mL deion-
ized water were added to the two-necked flask under stirring
at 0 °C with nitrogen protection. After the NaOH was com-
pletely dissolved, 4 mL of carbon disulfide was added to the
reaction through a syringe (65.6 mmol), and the mixture was
allowed to react under a N, atmosphere at 25 °C for 2 h after
the addition was completed. 7.6 g of bromoacetic acid was
added into 20 mL of deionized water, and after fully dissolv-
ing it, it was added to the light yellow reaction solution
through the addition funnel. The light yellow reaction solu-
tion turned darker and darker orange. The reactants were
stirred at 25 °C for 14 h, and finally, an appropriate amount of
concentrated hydrochloric acid was slowly added dropwise to
the resulting solution. After the reaction solution was acidi-
fied to pH=1, an appropriate amount of dichloromethane was
added to it and extracted by a separatory funnel several times
to obtain an orange liquid. The liquid was washed with 10 mL

Netural condition (pH 7.4) Acidic condition (pH 5.5)
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Scheme 1. (a) Chemical structure of P(Glu-co-Lys) under neutral and

acidic conditions. (b) Conceptual illustration of pH-switchable HQS-
Cy/DOX NPs for chemo-photothermal therapy.
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brine, and then anhydrous magnesium sulfate was added to
remove the residual water in the product. The dichlorometh-
ane solvent was removed by a rotary evaporator to obtain a
yellow solid crude product, which was passed through chloro-
form/n-hexane. The system was recrystallized to obtain a
white needle-like crystal product.

2.2 Synthesis of Zlys-NTA

2.87 g NaOH (71.8 mmol) was dissolved in cooled 120 mL
deionized water, 10.04 g H-Lys(Z)-OH (35.8 mmol) and 6.47 g
XAA (35.9 mmol) were added to the above solution in order,
and turbidity solution was obtained. The mixture was stirred
at room temperature for 3 d. An appropriate amount of 4
mol/L HCI acidified solution was added to pH = 3, and then
an appropriate amount of ethyl acetate was added to extract
the reaction solution several times through a separatory fun-
nel. The resulting extract was dehydrated with anhydrous so-
dium sulfate to remove a small amount of water, filtered, and
then concentrated by rotary evaporation. Then, 3.7 mL of
phosphorus trichloride was added to the liquid under nitrogen
protection, the reaction was stirred at room temperature for 20
h, and saturated NaHCOj; solution, deionized water, and sat-
urated NaCl solution were added for washing. The upper or-
ganic solution was separated, dried over magnesium sulfate to
remove water, and then filtered with a Buchner funnel. The
resulting solution was concentrated by a rotary evaporator to
obtain a pale yellow oily crude product, which was dissolved
by adding THF and then adding excess n-hexane (poor
solvent) and stirring to obtain a white solid product (8.26 g,
25.7 mmol, 72% yield).

2.3 Synthesis of BLG-NTA

4.95 g H-Glu(Obz)-OH (20.9 mmol) and 3.76 g XAA (20.9
mmol) were dissolved in a saturated NaHCOj; aqueous solu-
tion, and the mixture was stirred at room temperature for 3 d.
An appropriate amount of 4 mol/L HCI acidified solution was
added to pH = 3, and then an appropriate amount of ethyl
acetate was added to extract the reaction solution several
times through a separatory funnel. The resulting extract was
dehydrated with anhydrous MgSO, to remove a small amount
of water, filtered, and then concentrated by rotary evapora-
tion. Two milliliters of phosphorus trichloride was added to
the liquid under nitrogen protection, the reaction was stirred
at room temperature for 20 h, and then saturated NaHCO;
solution, deionized water, and saturated NaCl solution were
added for washing. The upper organic solution was separated,
dried over magnesium sulfate to remove water, and then
filtered with a Buchner funnel. The resulting solution was
concentrated by a rotary evaporator to obtain a pale yellow
oily crude product, which was dissolved by adding THF and
then adding excess n-hexane (poor solvent) and stirring to ob-
tain a white solid product (3.24 g, 25.7 mmol, 81% yield).

2.4 Copolymerization of ZLys-NTA and BLG-NTA initi-
ated by n-hexylamine

N-hexylamine was ustilized as the initiator, and the molar ra-
tio of the total NTA to the initiator was 15 . 1, and BLG-
NTA (1.67 g, 6.0 mmol) was added to the Schlenk bottle,
which was vacuum-baked in advance to remove water and
oxygen. ZLys-NTA (1.93 g, 6 mmol) and n-hexylamine (81.0
mg, 0.8 mmol) were added in n-hexylamine anhydrous THF
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solution (1.0 mL). After the reaction was carried out for 48 h
in an oil bath at 60 °C, solid product was observed at the bot-
tom of the bottle. Then, it was dissolve with DMF, and ex-
cess ether was added to precipitate it again. After it was cent-
rifuged and dried in a vacuum drying oven at a constant tem-
perature of 60 °C, a white powder product P(BLG-co-Zlys)
was obtained.

2.5 Preparation of P(Glu-co-Lys)

A total of 5 mL of trifluoroacetic acid was added to polymer
P (BLG-co-Zlys) (350 mg, 1.97 umol), and HBr (33% acetic
acid solution, 500 pL) was added under ice-water bath cool-
ing after it was completely dissolved so that the
sarnple fluoroacetic acid : HBr/hydrobromic acid was

. 10 : 3 (m/v/v). After stirring for 1 h at room temperature,
a large amount of ether was added to promote sedimentation,
and the precipitate was collected by centrifugation, dissolved
with a small amount of DMF, and dialyzed with a dialysis
bag with M, = 1000. The residual acetic acid was removed
and then freeze-dried to obtain a white powder product P(Glu-
co-Lys).

2.6 Measurement of the pKa of polymer P(Glu-co-Lys)

20 mg of P(Glu-co-Lys) was added into a beaker, and 20 mL
of deionized water was then added to it until the polymer is
completely dissolved, and then 1 mol/L HCI was added to ad-
just the solution to pH<3. Next, 40 uL of 0.1 mol/L NaOH
solution was added dropwise to the solution. After the drop-
wise addition was complete, the solution was stirred evenly,
and a pH meter was used to measure and record the pH of the
solution.

2.7 Preparation of HQS-Cy/DOX NPs

The small-molecule NIR-II fluorophore HQS-Cy was syn-
thesized as we previously reported"”. 0.5 mL of doxorubicin
hydrochloride (1 mg/mL, DMF) was added in the flask, and
130 pL of triethylamine (1 mg/mL, DMF, 1.5 equivalents)
was added to neutralize it under stirring for 30 min under dark
conditions. Next, 1 mg HQS-Cy, 50 mg polymer, and 1 mL
DMF were added and stirred until all of them were dissolved
under the shading condition of tin foil. Then, the solution was
added dropwise to 4 mL of high-speed stirring deionized
water at a constant speed and stirred for 2 h in the dark. After
dialysis against water for 9 h (M,, = 3000), the dialyzed water
was PBS buffer with pH = 7.4.

2.8 In vitro release test

The dialysis method was used to study the release character-
istics of different formulations of drugs under neutral (pH =
7.4) and acidic (pH = 5.5) conditions in PBS buffer. The drug-
loaded nanoparticle solution (500 pL) was sealed in a dialys-
is bag (3000 Da, Spectrum USA) and placed in a culture flask
containing 50 mL PBS (containing 2% Tween 80), and the
culture flask was placed at 37 °C in a constant temperature
shaker at 100 r/min. At the designated time interval (0.5, 1, 2,
4,6, 8,12, 24, 36, 48, 60, 72 h), 2 mL of solution was collec-
ted for DOX release analysis and supplemented with an equal
volume of PBS buffer liquid. All collected media were ana-
lyzed with a fluorescence spectrophotometer to calculate the
DOX release rate.
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2.9 In vitro cytotoxicity study

To measure the cell dark toxicity of drug-loaded nano-
particles, HepG2 liver cancer cells (1x10*) were inoculated in
each well of a 96-well plate. The 96-well plate contained 150
uL of DMEM per well and was cultured at 37 °C and 5%
CO,. After 24 h, equal volumes of test samples of different
concentrations were added to replace the incubation for 12 h.
The cells were washed with PBS and then treated with 5
mg/mL MTT in 20 pL PBS for 4 h. Finally, the medium was
aspirated, 150 pL of DMSO was added to each well to dis-
solve the formed formazan crystals, and then the absorbance
was measured at 570 nm with a microplate reader.

To evaluate the effect of nanoparticles on cytotoxicity
under light conditions, the cytotoxicity of the drug-loaded
nanoparticles under 915 nm laser light was also carried out by
inoculating 1x10* HepG2 liver cancer cells per well in a 96-
well plate, where each well of the 96-well plate contained 150
uL of DMEM at 37 °C in a 5% CO, atmosphere. After nurtur-
ing for 24 h, the medium was removed and incubated with
test samples of various HQS-Cy concentrations (2.5, 5, 7.5,
10, 15 pg/mL) for 6 h and irradiated with a near-infrared laser
(915 nm, 0.75 W/cm?).

3 Results and discussion

3.1 Synthesis and characterization of HQS-Cy/DOX NPs

The P(Glu-co-Lys) copolymer was synthesized by the NTA
method according to the method shown in Scheme 2. The 'H
NMR spectrum of P(Glu-co-Lys) is shown in Fig. 1. The
characteristic signal of hydrogen on the benzene ring of
P(BLG-co-Zlys) at & 7.26 ppm disappeared in the 'H NMR
spectrum of P(Glu-co-Lys) (Fig. 1), indicating that it was
completely removed. The molar ratio of glutamic acid and
lysine in the random copolymer was calculated based on the
signal intensity ratio of 3.69 ppm (-CH-(CH,),COOH, b) and
4.25 ppm (-CH-(CH,);NH,, c) derived, and the final ratio was
closeto 3 : 8.

As shown in Fig. 2, we used acid-base titration to determ-
ine the pKa value of the P(Glu-co-Lys) polymer to confirm
whether it has a pH response, indicating that when the envir-
onmental pH value is lower than the pKa, the carboxyl group
of the upper glutamic acid part of the polymer begins to pro-
tonate, and it may cause deprotonation when the pH is higher
than the pKa. The change in the carboxyl group from depro-
tonation to protonation leads to the self-assembly and depoly-
merization of the P(Glu-co-Lys) polymer. This change causes
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Scheme 2. Synthesis of P(Glu-co-Lys) by the NTA method.
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Fig. 1. 'H NMR spectra of (a) XAA, (b) BLG-NTA, (c) ZLys-NTA,
(d) P(BLG-co-Zlys), (¢) P(Glu-co-Lys), and (f) the NIR dye HQS-Cy.
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Fig. 2. (a) TEM and (b) DLS methods to determine the nanoparticle size
distribution of HQS-Cy/DOX NPs.

the decomposition of the original micelles formed by the co-
polymer. The titration curve of the P(Glu-co-Lys) copolymer
has a plateau buffer period between pH 5.73 and 7.67, show-
ing a certain acid-base buffering effect, and the pKa value is
approximately 6.7.

Then, the cyanine fluorescent small molecule HQS-Cy dye
and doxorubicin were encapsulated with polypeptide P(Glu-
co-Lys) to prepare HQS-Cy/DOX NPs. The resulting HQS-
Cy/DOX NPs were fully characterized by TEM (Fig. 3a) and
DLS (Fig. 3b). According to TEM and DLS results, the aver-
age diameter of HQS-Cy/DOX NPs is approximately 82 nm.

3.2 Invitro drug release test

To prove the pH-responsive release characteristics of HQS-
Cy/DOX NPs, DOX in vitro release experiments were per-
formed in PBS buffer at pH 7.4 and 5.5 in a constant temper-
ature shaker at 37 °C.

The DOX release of HQS-Cy/DOX NPs nanoparticles in
PBS was performed in vitro. The concentration of doxorubi-
cin released from nanoparticles was measured with time by an
external standard method, and the fluorescence absorption in-
tensity was taken as the Y axis. The release curve is shown in
Fig. 4. The release of DOX occurs in a controlled and con-
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Fig. 3. Determination of pKa of peptide copolymer P(Glu-co-Lys).
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Fig. 4. DOX release from HQS-Cy/DOX NPs at pH 7.4 or 5.5 and 37 °C
(triplicate).

tinuous manner. A slightly faster drug release was observed
in the pH 5.5 PBS buffer solution than in the pH 7.4 PBS buf-
fer solution, and the final total amount of DOX released was
also greater. This may be due to the protonation of the
carboxyl group of the glutamic acid unit at pH 5.5, which
weakens the complexation of DOX with the active groups on
the polymer side chain. Nanoparticles are intermolecular
through hydrogen bonds and ionic forces. Doxorubicin coated
by force is easier to dissociate, the solubility is improved, and
the release amount is increased.

3.3 In vitro cytotoxicity test

The MTT method was used to further evaluate the in vitro
cytotoxicity and biocompatibility of HQS-Cy@P(Glu-co-
Lys), DOX, and HQS-Cy/DOX NPs at the level of human liv-
er cancer HepG2 cells. Clearly, HQS-Cy@P(Glu-co-Lys) has
excellent cell viability under dark conditions when the con-
centration is below 15 pg/mL, indicating good biocompatibil-
ity of the nanoparticles. However, DOX showed toxicity with
increasing concentration (Fig. 5). For the NPs of HQS-
Cy/DOX, the temperature of the cell environment was con-
trolled at approximately 30 °C + 1 °C during the experiment.
When the concentration of HQS-Cy/DOX nanoparticles
reached 10 pg/mL, using a 915 nm laser (0.75 W/cm?) to irra-
diate for 10 min, the lethality of HepG2 cancer cells reached
more than 80% (Fig. 6). When the administered dose reaches
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Concentration of HQS-Cy (pg/mL) Concentration of DOX (pg/mL)

Fig. 5. Cytotoxicity assays of (a) HQS-Cy@P(Glu-co-Lys) and (b)
DOX@P(Glu-co-Lys) against HepG2 cells under dark conditions.
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Fig. 6. MTT method to test the therapeutic effect of HQS-Cy/DOX NPs
on HepG2 cells.

15 pg/mL, the temperature of the medium in the illuminated
group will cause significant overheating, which will lead to
rapid tumor cell death, revealing an efficient combined chemo-
photothermal therapy. At the same time, under dark condi-
tions, with only the chemotherapeutic effect of DOX, the nan-
oparticles showed gradient cytotoxicity. When the concentra-
tion reached 15 ng/mL, the cell death rate increased to more
than 60%, indicating that HQS-Cy/DOX NPs have certain
chemotherapeutic effects.

To further directly observe the therapeutic effect of HQS-
Cy/DOX NPs, we also performed live/dead cell staining as-
says for FDA and PI by fluorescence microscopy. After irra-
diation with a 915 nm laser (0.75 W/cm?) for 10 min, strong
red fluorescence emission (representing dead cells stained
with PI) was observed in the 6-well plate containing HepG2
cancer cells, and the morphology of the tumor cells became
elliptical (Fig. 7). These results indicate that HQS-Cy/DOX
NPs exhibit excellent in vitro cytotoxicity and have certain
tumor treatment effects.

4 Conclusions

We have developed a simple strategy to prepare an HQS-
Cy/DOX NP drug delivery system that is pH responsive.
When the environmental pH value changes, it causes the pro-
tonation of the side chains of lysine and glutamic acid on the
polymer, and the change of the carboxyl group from depro-

HQS-Cy: 0 pg/ml

HQS-Cy: 12.5 pg/ml

Fig. 7. Cell death staining method to test the therapeutic effect of HQS-
Cy/DOX NPs on HepG2 cells.

0305-5

tonation to protonation leads to the depolymerization and de-
polymerization of the P(Glu-co-Lys) polymer, resulting in the
pH-responsive release of the encapsulated DOX and hydro-
phobic NIR-IT dye (HQS-Cy). In vitro experiments revealed
that the nanoparticle system showed combined chemo-photo-
thermal therapy. It provides a potential nanomaterial for NIR-
II fluorescence imaging-guided combined chemo-photo-
thermal therapy for tumors.
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