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Enzyme and pH dual responsive linear-dendritic
block copolymer micelles based on a phenylalanyl—-
lysine motif and peripherally ketal-functionalized
dendron as potential drug carrierst

Yujia Wang, Wenjie Song,t Lijun Bao, Junwu Wei, Yangyang Qian and Yunmei Bi (2 *
Stimuli—responsive linear-dendritic block copolymers (LDBCs) have attracted significant research attention
as novel drug carriers. We report here three generations of new enzyme and pH dual responsive linear-
dendritic block copolymers (LDBCs) with a phenylalanyl-lysine (Phe-Lys) dipeptide linking hydrophilic
linear poly(N-vinylpyrrolidone) (PNVP) and a hydrophobic peripherally ketal-functionalized dendron
(bis-MPA).
a combination of interchange of xanthates/reversible addition—fragmentation chain transfer (MADIX/
RAFT) polymerization of N-vinylpyrrolidone (NVP) and “chain-first” strategy. Their structures are

derived from 2,2'-bis(hydroxymethyl)propionic acid The LDBCs are synthesized via

confirmed by *H NMR spectra. The gel permeation chromatograph (GPC) analysis revealed that the
LDBCs have a narrow molecular weight distribution (PDI = 1.25). The amphiphilic LDBCs can self-
assemble into spherical nanomicelles in aqueous solution. The presence of enzyme or/and the change
of pH cause disassembly of micelles to release encapsulated cargos. The release rates of the guest
molecules are faster in buffer solution at pH 5.0 than those upon the addition of the activating enzyme
and can be fine-tuned by changing the generation of bis-MPA dendrons. The combination of enzyme
and pH dual stimuli results in significantly accelerated and more complete release of the loaded
hydrophobic guests. The cell viability assay confirmed the favorable biocompatibility until the LDBC
micelle concentration reached 800 pg mL™%. These results indicate that the LDBCs can be considered as
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Introduction

Stimuli-responsive linear-dendritic block copolymers (LDBCs)
have drawn increasing research interest in recent years because
of combining the ability to respond to various stimuli (such as
light, temperature, pH and enzymes) and different polymeric
architectures for a broad range of applications, including drug
delivery, gene therapy and materials science.”® In this regard,
enzyme responsive LDBCs are especially intriguing owing to
high selectivity and favorable efficiency of enzyme-catalyzed
reactions.” Moreover, since some enzymes are overexpressed
in diseased states, by incorporating enzyme labile linkages,
polymeric nanoparticles can be constructed to release the
loaded drug at desired sites, and are excellent candidates for
drug targeted delivery.'*** Amir's group has reported a series of
LDBCs based on a linear hydrophilic polyethyleneglycol (PEG)
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a good candidate for targeting drug delivery.

and a dendron with enzyme-cleavable hydrophobic end
groups.”®™™** Our group obtained some LDBCs composed of
a hydrophilic linear enzyme responsive poly(hydroxyethyl -
glutamine) (PHEG) and a hydrophobic dendron derived from
cysteamine or 2,2"-bis(hydroxymethyl)propionic acid (bis-
MPA).** Some LDBCs based on linear poly(N-vinylpyrrolidone)
(PNVP) and enzyme responsive dendritic phenylalanyl-lysine
(Phe-Lys) dipeptides have also been synthesized.’” The enzyme
responsive moieties of these LDBCs have been incorporated
into their linear chain, dendritic blocks and periphery of den-
drons. However, to date, there has been no any report on an
enzyme-responsive motif is introduced at the junction point
between the hydrophilic linear chain and hydrophobic
dendritic block of amphiphilic LDBCs.

In the past decade, pH-responsive LDBCs have been devel-
oped for the application of targeted and controlled drug delivery
since the numerous pH gradients exist in both normal and
pathophysiological states.’®* Many pH-responsive units such as
carboxylic acid,*** amino-ester,** amino acid,* amines,> acetal
groups>** and hydrazone bonds® have been incorporated into
LDBCs. The pH-responsive polymers with highly sensitive ketal
linkages have generated significant interest as promising
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candidates for tumor-targeted drug delivery. This is attributed
to their distinctive features that ketal linkages hydrolyze into
neutral alcohols and ketones could avoiding inflammatory
problems compared with the acidic degradation products of
polyesters and polyorthoesters.>® Moreover, ketal linkages were
more sensitive to the lower pH environment of tumors or
phagosomes than hydrazones but were more stable than these
linkages in the pH 7.4 of the blood.”” However, to the best of our
knowledge, the pH-responsive LDBCs with ketal peripheries
have so far not been reported.

Although many single stimulus responsive LDBCs have been
obtained, dual responsive LDBCs have been relatively under-
explored, especially systems that exhibit enzyme responsive
behavior.>»*®*? There are large variations in physiological
conditions between normal microenvironments and diseased
sites, thus single responsive polymer materials could not ach-
ieve the desired goals in a complex physiological microenvi-
ronment. The integration of several responsive moieties within
one polymer is highly desired for biomedical applications.***>
In particular, the combination of enzyme and pH stimuli is
appropriate to design polymer nanocarriers for tumour targeted
delivery of drugs since lower pH values in tumours relative to
normal tissues.**** Additionally, it is well known that some
enzymes (such as matrix metallo proteinases,* cathepsin B,*”
alkaline phosphatase,®® trypsin®’) are overexpressed in tumor
cells due to the needs of proliferation.

In this study, an enzyme cleavable phenylalanyl-lysine (Phe-
Lys) dipeptide is used as a linkage between hydrophilic linear
poly(N-vinylpyrrolidone) (PNVP) and a hydrophobic peripher-
ally ketal-functionalized dendron derived from 2,2-dimethy-
lolpropionic acid (bis-MPA) to obtain enzyme and pH dual
responsive LDBCs. Their self-assembly behavior in aqueous
solution and the release kinetics of the encapsulated guest
molecules in response to enzyme or pH stimulus and combi-
nation of dual stimuli have been investigated. The cytotoxicity
of the LDBCs was tested in human lung epithelial cells (BEAS-
2B) and human liver cancer cells (SMMC-7721). The LDBCs
could self-assemble into spherical nanomicelles and disas-
sembly to release loaded drug in various microenvironment
which typically exist in cancer cells (Scheme 1).

Scheme 1 Illustration of self-assembly and disassembly of the LDBCs
to release encapsulated cargos in presence of enzyme or/and the
change of pH.
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Experimental

Materials

a,d-Azobisisobutyronitrile (AIBN) (98%, Aldrich) was recrystal-
lized twice from methanol. N-Vinylpyrrolidone (NVP) (98%,
Sinopharm Chemical Reagent) was distilled under reduced
pressure and then stored at 4 ©°C. Isopropylidene-2,2-
bis(oxymethyl)propionic anhydride was prepared according to
literature method.*>**

Characterization

'"H NMR spectra were obtained on a Bruker DRX-500 spec-
trometer in CDCl; or D,O. GPC analyses were performed on
a Waters 2690D separations module and a Waters 2414 refrac-
tive index detector (RI) with Styragel HR3 and HR4 columns
(Waters) using DMF as eluent at 40 °C at a flow rate of 0.3
mL min~"'. The system was calibrated with poly(methyl meth-
acrylate) standards. Transmission electron microscopy (TEM)
images were obtained using a JEM-2100 transmission electron
microscope operating at an accelerating voltage of 200 kV. Size
and distribution of the nanoparticles were characterized by
ZetaPALS particle sizing systems (Brookhaven instruments).

Synthesis of PNVP-Phe-NH,,

PNVP-Phe-NH, was synthesized according to the method re-
ported in our previous work.* "H NMR in CDCl3,  (ppm): 1.19-
1.28 (m, CH;), 1.52-1.89 (m, CH,), 1.89-2.15 (m, CH,), 2.15-2.96
(m, O=CCHy,), 2.99-3.48 (m, NCH,), 3.48-4.08 (m, NCH), 7.01-
7.53 (m, CgHs).

Synthesis of PNVP-Phe-Lys-NHBoc

To a solution of (Fmoc)lys(Boc)-OH (0.18 g, 0.30 mmol) in 10 mL
of DMF was added PNVP-Phe-NH, (1.2 g, 0.1 mmol) and 1-
hydroxybenzotriazole (HOBt) (13.51 mg, 0.1 mmol). After stir-
ring for 30 min, N,N-diisopropylcarbodiimide (DIC) (0.06 mL,
0.4 mmol) was added. The reaction mixture was stirred at room
temperature for 24 h. The crude product were precipitated and
washed by cold ether. The precipitate was dissolved in distilled
water, dialyzed for 3 days, and lyophilized to give a white solid.
The yield was 97.5%. 'H NMR in CDCl;, 6 (ppm): 1.18-1.29 (m
CHj,), 1.51-1.89 (m, CH,), 1.89-2.15 (m, CH,), 2.15-2.95 (m, O=
CCH,), 2.95-3.47 (m, NCH,), 3.47-4.10 (m, NCH), 7.02-7.54 (m
Ar-H).

Synthesis of PNVP-Phe-Lys-NH,,

To a solution of PNVP-Phe-Lys-NHBoc (0.1 mmol) in 4 mL of
DMF was added trifluoroacetic acid to adjust the pH value of the
solution to 4-5. After stirring for 6 h, the reaction mixture was
neutralized with NaOH solution. After filtration and evapora-
tion of the solvent, the residue was dissolved in water, dialyzed
for 3 days, and then lyophilized to obtain a white solid product
in a yield of 84.4%. '"H NMR in CDCl;, ¢ (ppm): 1.18-1.29 (m

CHj,), 1.52-1.89 (m, CH,), 1.89-2.14 (m, CH,), 2.14-2.95 (m, O=
CCH,), 2.95-3.48 (m, NCH,), 3.48-4.09 (m, NCH), 7.02-7.53 (m

Ar-H).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of PNVP-Phe-Lys-b-G;

PNVP-Phe-Lys-NH, (1.25 g, 0.1 mmol), isopropylidene-2,2-
bis(oxymethyl)propionic anhydride (49.6 mg, 0.15 mmol) and
DMAP (2.4 mg, 0.02 mmol) were dissolved in 20 mL of DMF/
NEt; solution (v/v = 3/1). After stirring for 40 h at room
temperature, the reaction mixture was precipitated three times
by cold ether. The precipitate was collected and dissolved in
distilled water, dialyzed for 3 days, and then lyophilized to
obtain a white solid product in a yield of 92.3%. "H NMR in
CDCl;, 6 (ppm): 1.19-1.29 (m, CHj3), 1.42 (s, CH3), 1.50-1.88 (m,
CH,), 1.88-2.14 (m, CH,), 2.14-2.63 (m, O=CCH,), 2.91-3.48
(m, NCH,), 3.48-4.09 (m, NCH), 7.01-7.52 (m, Ar-H).

Synthesis of PNVP-Phe-Lys-b-G;-OH

1.27 g (0.1 mmol) of PNVP-Phe-Lys-b-G; was dissolved in 50 mL
of THF/methanol solution (v/v = 4/3). H,SO, was added to
adjust the pH value of the solution to 3. After stirring for 20 h at
room temperature, the reaction mixture was neutralized with
NH;-H,O and filtered to remove ammonium sulfate. The
solvent was distilled off and the residue was added to distilled
water, dialyzed for 3 days, and then lyophilized to obtain a white
solid in a yield of 80.1%. '"H NMR in CDCl;, 6 (ppm): 1.20-
1.30(m, CH;), 1.50-1.89 (m, CH,), 1.89-2.14 (m, CH,), 2.14-2.65
(m, O=CCHy,), 2.92-3.47 (m, NCH,), 3.48-4.08 (m, NCH), 4.24-
4.39 (m, OCHy,), 7.02-7.50 (m, Ar-H).

Synthesis of PNVP-Phe-Lys-b-G,

PNVP-Phe-Lys-b-G;-OH (1.27 g, 0.1 mmol), isopropylidene-2,2-
bis(oxymethyl)propionic anhydride (0.40 g, 1.2 mmol) and
(0.15 g, 1.2 mmol) of DMAP were dissolved in 5 mL of pyridine/
CH,Cl, solution (v/v = 3/2). After stirring for 48 h at room
temperature, the reaction mixture was precipitated three times
by cold ether. The precipitate was collected and dissolved in
water, dialyzed for 3 days, and then lyophilized to obtain a white
solid product in a yield of 89.2%. 'H NMR in CDCl;, 6 (ppm):
1.19-1.30 (m, CHj,), 1.42 (s, CH;), 1.52-1.89 (m, CH,), 1.89-2.14
(m, CH,), 2.14-2.62 (m, O=CCHy,), 2.94-3.48 (m, NCH,), 3.48-
4.09 (m, NCH), 4.22-4.38 (m, OCHj,), 7.02-7.52 (m, Ar-H).

Synthesis of PNVP-Phe-Lys-b-G,-OH

PNVP-Phe-Lys-b-G,-OH was synthesized by the same general
procedure described for the synthesis of PNVP-Phe-Lys-b-G;-
OH. From PNVP-Phe-Lys-b-G, (1.27 g, 0.1 mmol), THF (32 mL),
methanol (24 mL) and H,SO, were obtained as a white solid in
a yield of 76.0% (0.99 g). "H NMR in CDCl;, 6 (ppm): 1.21-1.31
(m, CH3), 1.51-1.89 (m, CH,), 1.89-2.14 (m, CH,), 2.14-2.62 (m,
O=CCHy,), 2.96-3.48 (m, NCH,), 3.49-4.09 (m, NCH), 4.24-4.41
(m, OCH,), 7.02-7.52 (m, Ar-H).

Preparation of PNVP-Phe-Lys-b-G;

PNVP-Phe-Lys-b-G; was synthesized by the same general
procedure described for the synthesis of PNVP-Phe-Lys-b-G,.
From DMAP (0.29 g, 2.4 mmol), pyridine (3 mL), CH,Cl, (3 mL),
PNVP-Phe-Lys-b-G,-OH (1.29 g, 0.1 mmol) and isopropylidene-
2,2-bis(oxymethyl)propionic anhydride (0.79 g, 2.4 mmol) were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtained as a white solid in a yield of 97.0% (1.25 g). "H NMR in
CDCl;, é(ppm): 1.21-1.30 (m, CH3), 1.43 (s, CHj3), 1.51-1.88 (m,
CH,), 1.88-2.14 (m, CH,), 2.14-2.63 (m, O=CCHy,), 2.95-3.47
(m, NCH,), 3.49-4.09 (m, NCH), 4.59-4.88 (m, OCH,),7.02-7.54
(m, Ar-H).

Critical micelle concentration (CMC)

The CMC was determined using pyrene as a fluorescence probe
according to a procedure as described previously.*?

Encapsulation of drug or dye in polymer micelles

PNVP-Phe-Lys-b-G,, (n = 1-3) (10 mg) and Nile red were dis-
solved in acetone. PBS buffer was added dropwise to the solu-
tion under vigorous stirring. Then acetone was thoroughly
removed by evaporation at room temperature. The precipitate of
un-encapsulated Nile red was removed by centrifugation at
3000 rpm for 10 min. Fluorescence spectra of Nile red were
recorded on a luminescence spectrometer. The emission
spectra were recorded ranging from 570 to 800 nm with an
excitation wavelength of 550 nm.

PNVP-Phe-Lys-b-G; and PTX were dissolved in ethanol, then
deionized water was added slowly after complete dissolution.
Ethanol was removed and the residual solution was centrifuged
at high speed for 30 minutes. The drug-loaded micelles were
prepared by freeze-drying the supernatant. The freeze-dried
drug-loaded micelles were diluted with ethanol, their UV
absorbance was determined at 227 nm, and the content of PTX
in the drug-loaded micelles was calculated. The entrapping
efficiency and drug-loading capacity were calculated according
to the following formulas:

amount of drug in micelles

— 100%
initial amount of drug x ’

entrapping efficiency =

amount of drug in micelles
initial amount of micelles

drug-loading capacity = x 100%

Transmission electron microscopy (TEM)

A drop of micellar solution (1 mg mL™", or Nile red-loaded
micelles, or dealt with trypsin) was placed on a copper grid
coated with a carbon film and dried before TEM measurement.

In vitro release of PTX from PNVP-Phe-Lys-b-G; micelles

Trypsin solution was added to 15 mL drug-loaded micelle
solution (1.0 mg mL™") or PTX solution, and the final trypsin
concentration was 0, 25 and 75 uM, respectively. The solution
was placed into pre-swelled dialysis bag (3 kDa) that was
immersed into 150 mL PBS solution (pH 7.4, containing 0.5%
Tween 80) or acetate buffer solution (pH 5.0, containing 0.5%
Tween 80) at 37 °C. At regular intervals of time, 2 mL of aliquots
of the solutions were taken out and the amount of released PTX
was determined by UV analysis.

RSC Adv, 2023, 13, 22079-22087 | 22081
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Cytotoxicity tests

In vitro cytotoxicity of PNVP-Phe-Lys-b-G, and PNVP-Phe-Lys-b-
G; micelles against human lung epithelial cells (BEAS-2B) and
human liver cancer cells (SMMC-7721) were determined by MTS
assay as described previously."”

Results and discussion
Synthesis and characterization of PNVP-Phe-Lys-b-G,,

Three generations of new enzyme and pH responsive LDBCs
with a phenylalanyl-lysine (Phe-Lys) dipeptide linking hydro-
philic linear poly(N-vinylpyrrolidone) (PNVP) block and
a hydrophobic acid-labile acetonide-terminated dendron
derived from bis-MPA were synthesized via interchange of
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Fig. 1 *H NMR spectra of PNVP-Phe-Lys-b-Gs in CDCls (a) and D,O
(b).
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Fig. 2 GPC traces of PNVP-Phe-Lys-b-G,, (n = 1-3).
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xanthates/reversible addition-fragmentation chain transfer
polymerization (MADIX/RAFT) of NVP and “chain-first” strategy
(Scheme 2). The successful synthesis of the desired LDBCs was
confirmed by "H NMR spectra and GPC. The "HNMR spectra of
PNVP-Phe-Lys-b-G,, (Fig. 1a, S1 and S2, ESI{) displayed charac-
teristic signals attributed to linear PNVP chain (peaks d, e, f, g
and h at 1.51-1.88 ppm, 3.49-4.09 ppm, 2.95-3.47 ppm, 1.88-
2.14 ppm and 2.14-2.63 ppm, respectively) and acetonide-
terminated bis-MPA dendrons (peaks b/, a’ and ¢’ at 3.49-
4.09 ppm, 1.43 ppm, respectively). All copolymers showed
unimodal symmetrical GPC curves (Fig. 2) with narrow molec-
ular weight distributions (PDI = 1.25, Table 1) and their M;, gpc
increase with increased generation of the dendron which indi-
cated the synthesis of three generations of LDBCs.

Self-assembly behavior

PNVP-Phe-Lys-b-G,, (n = 1-3) are amphiphilic and can therefore
self-assemble into micelles in aqueous media. The fluorescence
probe technique, 'H NMR spectra, transmission electron
microscopy (TEM) and particle size analysis were used to
examine the self-organization of the amphiphilic LDBCs in
water. The critical micelle concentration (CMC) values of PNVP-
Phe-Lys-b-G, (n = 1-3) was evaluated by fluorescence techniques
using pyrene as a probe. As shown in Fig. 3, they are 0.056,
0.0316, 0.0158 mg mL ™", respectively, which decrease with the
increase of the acetonide-terminated bis-MPA dendrons, indi-
cating that the copolymer is more likely to form stable micelles
as the generation of the LDBCs increases.**** The self-assembly
behavior of the copolymers was further investigated by "H NMR
spectroscopy. When the "H NMR experiments of the PNVP-Phe-
Lys-b-G; were performed in D,O, the methyl proton peaks of at
the end of the acetonide-terminated bis-MPA dendrons were
highly suppressed (Fig. 1b), indicating the formation of core-
shell micellar structure in the aqueous environment, thereby
restricting the motion of methyl protons within the hydro-
phobic core.***¢ Average hydrodynamic diameters of PNVP-Phe-
Lys-b-G,, (n = 1-3) micelles determined by particle sizing
measurements ranged from 110 nm to 270 nm (Fig. 4), which
increases with increasing the generation of the LDBCs. TEM
images showed that PNVP-Phe-Lys-b-G; was able to self-
assemble into spherical micelles (Fig. 5a).

Enzymatic responsive properties

Trypsin can catalyze the hydrolysis of proteins and has a high
degree of specificity for the bond between the carboxyl group of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Characterizations of PNVP-Phe-Lys-b-G,, (n = 1-3)
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Sample M, o (kDa) Mn,cec’ (kDa) P = M,,/M, Conversion (%)
PNVP 11.9¢ 21.2 1.24 77
PNVP-Phe-LyS-b-G1 12.7b 21.4 1.25 —
PNVP—Phe-LyS-b—GZ 13.0° 21.6 1.24 —
PNVP—Phe-LyS-b-G3 13.5° 21.8 1.24 —

“ The theoretic molecular weight was calculated by the formula: My 4, = Mmonomer X ([monomer]/[initiator]) x conversion% + Minitiator-

> The

theoretic molecular weight was calculated by the formula: M, 4 = My of PNVP + My, of Phe-Lys and G, (n = 1-3). “M,, and P were

determined by GPC.

o 45 40 As Ao 95 o
gty

€ gt C mgint)

Fig. 3 Plots of /zg3/ls7> of pyrene emission spectra versus logarithm of
concentration for PNVP-Phe-Lys-b-G; (a), PNVP-Phe-Lys-b-G; (b),
PNVP-Phe-Lys-b-Gs (c).
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Fig. 4 The particle size of PNVP-Phe-Lys-b-G; (a), PNVP-Phe-Lys-b-
G; (b), PNVP-Phe-Lys-b-Gs (c) micelles and after the incubation with
trypsin (75 pM).

1um

Fig. 5 TEM images of the formed micelles by PNVP-Phe-Lys-b-Gs3
before (a) and after (b) the enzyme treatment at pH 7.4, at pH 5.0 (c).

basic amino acids (arginine, lysine) and other amino groups. Its
high specificity is expressed as the choice of one end of the basic
amino acid.**° An enzymatically cleavable Phe-Lys dipeptide
was incorporated between a hydrophobic dendron derived from
bis-MPA and hydrophilic PNVP of the amphiphilic LDBCs
(PNVP-Phe-Lys-b-G,,, n = 1-3). This dipeptide is a substrate for
trypsin that is known to be overexpressed in pathological
conditions such as cancer and inflammation.*>** Enzymatic
cleavage at the Phe-Lys dipeptide will trigger disassembly of the
LDBC micelles. To gain an insight into enzyme responsive
disassembly of the micelles, PNVP-Phe-Lys-b-G; micelle solu-
tion was incubated with trypsin solution (75 uM) at 37 °C for
48 h. We observed that a large amount of white flocculation
appeared (Fig. S3, ESI{), indicating that the Phe-Lys dipeptide

© 2023 The Author(s). Published by the Royal Society of Chemistry

between hydrophilic PNVP and a hydrophobic dendron derived
from bis-MPA was disrupted by trypsin to trigger disintegration
of the LDBC micelles, thus resulting in precipitation of the
hydrophobic portion from solution to produce some white
flocculation.

Nile red dye as a model payload was further employed to
investigate enzyme responsive disassembly behavior of PNVP-
Phe-Lys-b-G,, (n = 1-3) micelles. The fluorescence intensity of
Nile red for all three generation of LDBCs showed no significant
change in the absence of trypsin (Fig. 6), indicating that Nile red
loaded micelles are stable. However, upon the addition of
solutions of trypsin (25 uM or 75 uM) for 48 h, we observed that
the purple-red dye-loaded micellar solutions of the LDBCs
gradually became lighter in color and generated precipitates
(Fig. S4, ESIY). In addition, the color of the micellar solution
became lighter with increasing enzyme concentration. After 25
UM solution of trypsin was added, all three generation of LDBCs
showed that the fluorescence intensity of Nile red decreased
(Fig. 6), indicating that trypsin cleaves the peptide bond, which
causes the copolymer to decompose into a hydrophilic part and
hydrophobic part, and the micelles disassemble. The hydro-
phobic Nile red contained in the micelles is released, and the
environment in which it is changed causes the fluorescence
intensity to decrease, and the phenomenon becomes more
pronounced with the increase of time. At the same enzyme
concentration, the micelle solution color becomes lighter as the
polymer generation increases and the disassembly rates of
micelles decrease upon increase of the LDBCs generation,
because the micelles becomes more stable with increasing
hydrophobic peripheral ketal groups of the LDBCs, and trypsin
is less accessible to the Phe-Lys dipeptide in the tightly packed
higher generation dendrons. Similar phenomena were also
observed in other amphiphilic dendrimer systems.** At the high
enzyme concentration of 75 uM, the fluorescence intensity of

Time o) Time (i) Time i)

Fig. 6 Comparison of the disassembly rates (fluorescence assay) of
micelles formed by PNVP-Phe-Lys-b-G; (a), PNVP-Phe-Lys-b-G; (b)
and PNVP-Phe-Lys-b-Gs (c) after the incubation with different
concentrations of trypsin (0 uM, 25 uM and 75 uM).
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Nile red was similar to that of trypsin at 25 pM, except that the
disassembly rate of micelles was faster as the concentration of
trypsin increased. The size change of the LDBC micelles in
response to trypsin hydrolysis was followed by particle sizing
measurement. As shown in Fig. 4, the particle size of the
micelles increased significantly after the addition of trypsin.
When the different concentrations of trypsin were added, the
particle size of the micelles increased with the increase of the
enzyme concentration (Fig. S5, ESIt). This is because high
concentrations of trypsin have a greater probability of contact
with the micelles to lead to disassembly of the micelles. The
enzyme triggered disassembly of the LDBC micelles was
confirmed by TEM measurement. As shown in Fig. 5b, small
pieces and large aggregates instead of spherical micelles in the
presence of trypsin were observed in the TEM images, further
confirming degradation of the
copolymers.

enzymatic responsive

pH-responsive properties

The pH-responsive disassembly of LDBC micelles was first
investigated by monitoring the change in the fluorescence of
encapsulated Nile red dyes at pH 5.0 (tumor acidic environ-
ment®***) and pH 7.4 (blood environment®). As plotted in Fig. 7,
S6 and S7 (ESIt), no obvious change in the fluorescence inten-
sities was observed throughout 48 h at pH 7.4, indicating that
the micelles were stable under neutral conditions. But time
dependent decreases in fluorescence intensity of Nile red were
observed for all three generation of LDBCs at pH 5.0 (Fig. 8). The
spherical nanostructures could no longer be found for PNVP-
Phe-Lys-b-G; in the TEM image of buffer solution at pH 5.0
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Fig. 7 Fluorescence spectra of
micelles at pH 7.4 and pH 5.0.
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Fig. 8 Comparison of the disassembly rates (fluorescence assay) of
micelles formed by PNVP-Phe-Lys-b-G;, PNVP-Phe-Lys-b-G, and
PNVP-Phe-Lys-b-Gs at pH 5.0.
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(Fig. 5¢), further confirming pH responsive degradation of the
LDBCs. This could be attributed to the fact that the hydrophobic
dendritic end groups of the LDBCs are composed of acid-
sensitive ketal groups, which can be cleaved under mildly
acidic conditions. Upon cleavage of the ketal groups, the LDBCs
were converted from amphiphilic to hydrophilic, thereby
destroying the assembly of micelles, triggering the release of
Nile red and the decrease of fluorescence intensity. Further-
more, we observed that disassembly rates of the LDBC micelles
decreased with increase in the generation of bis-MPA dendrons
at pH 5.0. This effect of the generation on the disassembly rate
is similar to that observed in enzyme triggered disintegration of
the LDBC micelles,” which is probably because the protons in
buffer solution could not penetrate into the hydrophobic core of
the micelle and instead the hydrolysis of peripheral ketal
groups occur at the non-assembled LDBC molecules in the
solution, which are in equilibrium with the micellar assemblies.

Enzyme and pH dual responsive properties

To study enzyme and pH dual responsive disassembly behavior
of the LDBCs micelles, the Nile red loaded LDBC solution was
subjected to trypsin (75 uM) and acetate buffer of pH 5.0 and
fluorescence intensity was monitored with the progress of time.
The decrease in fluorescence intensity upon the addition of
trypsin at pH 5.0 was much faster than either in the presence of
enzyme or buffer solution of pH 5.0 over the same time period
(Fig. 9), which corroborates the fact that disassembly rate of the
micelles at pH 5.0 can be accelerated by adding trypsin solution.
The reason was that simultaneous cleavage of the dipeptide
Phe-Lys linkage as well as the peripheral ketal groups of the
LDBCs in the presence of pH and enzyme dual stimuli caused
a rapid disassembly of the micelles, thus providing an
enhancement in the release kinetics of the loaded Nile red.

In vitro drug release from PTX-loaded micelles

Paclitaxel (PTX) was used as a model drug to assess the suit-
ability of PNVP-Phe-Lys-b-G; micelles as anti-cancer drug
delivery carriers. The drug loading content and encapsulation
efficiency were determined by a UV spectrometer. The results
exhibited that PTX was successfully incorporated into LDBC
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Fig. 9 Comparison of the disassembly rates (fluorescence assay) of
micelles formed by PNVP-Phe-Lys-b-G;, PNVP-Phe-Lys-b-G, and
PNVP-Phe-Lys-b-Gs after the incubation with trypsin (75 pM) at pH
5.0.
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Fig.10 Invitro PTX release profiles of the PTX-loaded PNVP-Phe-Lys-

b-Gs micelles at 37 °C under different stimuli conditions.

micelles, and the entrapment efficiency (EE) and drug loading
content (DLC) were 81.36% and 5.5%, respectively. In compar-
ison with the blank micelles, the size of the PTX-loaded micelles
increased to 381 nm (Fig. S8, ESI}). These PTX-loaded LDBC
micelles have been found to be very stable, showing no signif-
icant changes in average particle size over 30 days (Fig. S8, ESIT).
The release of PTX from PNVP-Phe-Lys-b-G; micelles was
investigated in buffer solution (pH 7.4 or pH 5.0) and in pres-
ence or absence of 25 uM or 75 puM trypsin at 37 °C (Fig. 10). It
could be observed that the release rates of PTX from the
micelles were markedly influenced by trypsin. In presence of 25
UM or 75 uM trypsin, the drug loaded micelles showed a much
faster drug release rate and 28-42% of the loaded PTX was
released within 10 h, while only a small amount of PTX are
released within 48 h in absence of trypsin at pH 7.4. Compared
with the release at this relatively low trypsin concentration (25
uM), PTX-release from micelles at the high trypsin concentra-
tion of 75 pM is much faster. The rate and amount of drug
release was found to be much faster at pH 5.0 than that at pH
7.4, exhibiting a stronger dependence of the release rate on pH
values. Interestingly, the release rate of PTX from the LDBC
micelles in buffer solution at pH 5.0 is faster than those upon
the addition of the activating enzyme. This could be attributed
to the fact that the protons in buffer solution are more acces-
sible to peripheral ketal groups of the LDBCs while the enzy-
matic substrate Phe-Lys dipeptide is at the junction point
between linear chain and dendritic block of LDBCs, which is
less accessible to the enzyme. This result further supported the
equilibrium-based activation mechanism, which was described
previously for enzyme responsive assemblies®** and above
mentioned for pH responsive assemblies. More importantly, the
fastest PTX release rate was observed in both pH and enzyme
stimuli and the accumulative PTX release (83% of PTX released
after 48 h) was higher than that in a single stimulus, suggesting
that combination of two stimuli could significantly accelerate
and more complete release of the loaded drug.

In vitro cytotoxicity study

Cytotoxic effects of PNVP-Phe-Lys-b-G, and PNVP-Phe-Lys-b-G;
were investigated using the MTS assay against cultured human
lung epithelial cells (BEAS-2B) and human liver cancer cells
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Fig. 11 Cell viability of BEAS-2B and SMMC-7721 cells following 48 h
of incubation with PNVP-Phe-Lys-b-G, (a) and PNVP-Phe-Lys-b-Gs
(b) micelles.

(SMMC-7721). As shown in Fig. 11, the LDBCs exhibited more
than 85% cell viability over a concentration range of 0.05-800 pg
mL " regardless of cell type after 48 h of culture. In addition,
cell viability was not significantly influenced by the concentra-
tion of the LDBCs. These results showed that LDBCs have
a good biocompatibility within limit concentration and were
suitable for drug delivery.

Conclusions

In summary, a dipeptide Phe-Lys linkage was introduced, as an
artificial enzyme active site, at amphiphilic linear-dendritic
block copolymers (LDBCs) junction and the LDBCs were deco-
rated with peripheral ketal groups, which endowed their
enzyme and pH dual responsiveness. Three generations of well-
defined amphiphilic LDBCs, PNVP-Phe-Lys-b-G,, (n = 1-3) were
synthesized by a combination of MADIX/RAFT polymerization
and “chain-first” strategy. They could self-assemble into
spherical nanomicelles and disassembly to release loaded drug
in various microenvironment which typically exist in cancer
cells. In particular, release of the loaded drug could be tuned by
changing the generation of the LDBCs. Additionally, the results
of cell viability assays indicated that the LDBCs were nontoxic
up to a tested concentration (800 pg mL ™). This study not only
enriches the structure types of LDBCs, but also provides novel
drug carriers for smart drug delivery systems.
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