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ABSTRACT: A novel linear-dendritic copolymer containing thermoresponsive poly(N-isopropylacrylamide)
(PNIPAAM), hydrophobic and biodegradable poly(L-lactic acid) (PLLA), and hydrophilic poly(L-lysine) (PLL)
dendrons was designed, synthesized and characterized. The thermoresponsive-co-biodegradable linear-dendritic
copolymer was synthesized by 1,3-dicyclohexylcarbodiimide (DCC) coupling reaction of three generation PLL
dendron and PNIPAAM grafted with PLLA. UV-vis spectroscopy and dynamic light scattering measurements
demonstrated that the linear-dendritic copolymer was thermoresponsive by showing a lower critical solution
temperature whose value depended on the linear-dendritic copolymer concentrations. The viscosity and molar
mass of the linear-dendritic copolymer decreased with time in PBS (pH) 7.4) solutions indicating that the
linear-dendritic copolymer is degradable. FTIR measurements further revealed that the degradation of the linear-
dendritic copolymer was due to the hydrolytic degradation of the ester bonds of the PLLA component.

Introduction

Dendrimers, nanoscale highly branched and reactive three-
dimensional macromolecules, become increasingly important in
biomedical applications due to their specific size, intriguing
structural properties such as internal voids and cavities, and a
highly functional terminal surface.1-3 Particularly, the spatially
arranged functional groups can be used for postformation
modifications on the periphery of the dendritic globules4 with
a variety of molecules such as small molecule drugs,5 DNA6-10

and oligonucleotides11,12 for drug delivery and gene therapy,
targeting molecules such as folic acid to localize drugs to desired
tissue sites,8,13-16 hydrophilic molecules such as PEO to increase
their blood circulation times,5,17,18and contrast agents to use in
magnetic resonance imaging (MRI).17-21 More uniquely, the
functional groups of the dendrimers can incorporate two and
more functional molecules mentioned above for more compact
and efficient therapeutic treatments and diagnostics. Further-
more, when dendrimers are conjugated on the both ends of linear
polymers becoming linear-dendritic copolymers, they have
great potency in increasing drug payload due to their supramo-
lecular micelles structures.22-26 Despite these advantages, the
currently available dendrimers or linear-dendritic copolymers
cannot achieve long-term drug release at the same time in
response to environmental changes (such as temperature, pH,
etc.), which is in need for the treatment of many chronic

diseases. In this work, we have developed a novel strategy to
introduce both thermoresponsive and biodegradable properties
into linear-dendritic copolymer for the purpose of targeted and
sustained drug delivery in response to chemical, physical, and
biological stimuli.27,28

The thermoresponsive-co-biodegradable linear-dendritic co-
polymer that we have developed contains thermoresponsive
poly(N-isopropylacrylamide) (PNIPAAM), hydrophobic and
biodegradable poly(L-lactic acid) (PLLA), and hydrophilic
cationic poly(L-lysine) (PLL) dendrons. The PNIPAAM is
chosen as a thermoresponsive moiety due to its unique phase
transition at a lower critical solution temperature (LCST) in the
vicinity of 32 °C. It expands and swells when cooled below its
LCST, and it shrinks and collapses when heated above its LCST.
When PNIPAAM is incorporated with hydrophobic and hydro-
philic units, the PNIPAAM-based polymers have been shown
to have the following advantages in drug delivery: (1) by
allowing aqueous loading of hydrophilic therapeutic agents at
temperatures lower than the LCSTs with high loading efficiency
avoiding the use of organic solvents that result in denaturation
of therapeutic proteins;29 (2) by modulating the mechanism of
the biodegradation of biodegradable polymers;28,30,31 (3) by
decreasing the cytotoxicity of polycationic polymers;32 (4) by
thermally localizing drugs to targeted sits after systemic
injections when their LCSTs are tailored to the temperatures
between 37 (body temperature) and 42°C (used routinely in
clinical hyperthermia);33-35 (5) by releasing therapeutic agents
at different profiles in response to temperature, pH and other
stimuli.36-38 The rationale behind the choice of PLLA is due to
its combination of hydrophobicity and biodegradability,39-41

which can modify (decrease) the LCST of the PNIPAAM and
achieve sustained release of therapeutic agents. PLL dendron
is chosen because of its peptide and hydrophilic natures and
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great amount of terminal free amine groups. The hydrophilic
nature of the PLL can modify (increase) the LCST of the
PNIPAAM. The polyamine groups of the PLL can enhance
delivery of therapeutic agents into cells or across biological
barriers due to their electrostatic interaction with the polyanionic
phospholipids of cell membranes and bulky branched struc-
ture.9,42,43

In this work, we designed and synthesized the thermorespon-
sive-co-biodegradable linear-dendritic copolymer. We charac-
terized the chemical structure of the linear-dendritic copolymer
by using1H nuclear magnetic resonance (NMR) technique. We
measured the size of the linear-dendritic copolymer in dry and
wet states by using TEM and dynamic light scattering,
respectively. We studied the thermoresponsive properties of the
linear-dendritic copolymer using UV-vis spectroscopy and
dynamic light scattering (DLS). We investigated the hydrolyti-
cally degradable properties of the linear-dendritic copolymer
at temperatures below and above the LCST by viscometer,
matrix assisted laser desoption/ionization time-of-flight (MALDI-
TOF) and Fourier transform infrared spectroscopy (FTIR)
techniques.

Experimental Section

Materials. Poly(L-lactic acid) (PLLA,Mw ) 2000 g‚mol-1 and
Mn ) 1835 g‚mol-1) was purchased from Polysciences, Inc.
Warrington, PA. The following materials were obtained from
Sigma-Aldrich, Inc., St. Louis, MO:N-isopropylacrylamide, 1,3-
dicyclohexylcarbodiimide (DCC), allylamine,N-hydroxybenzo-
triazol (HOBT), 2,5-dihydroxybenzoic acid,N,N-dimethylforma-
mide (DMF, HPLC grade), methylene chloride (CH2Cl2, HPLC
grade), ether, methanol, 2-aminoethanethiol, pentanedione peroxide,
trifluoroacetic acid (TFA), triisopropylsilane (TIS), piperidine,
deuterated chloroform (CDCl3), and tetrahydrofuran (THF).N-R-
(9-Fluorenylmethyloxycarbonyl)8-Lys4-Lys2-Lys-âAla-Wang resin
(Fmoc8-Lys4-Lys2-Lys-âAla-Wang resin) was purchased from Cal-
biochem, San Diego, CA. All the chemicals were used as received.
Deionized distilled water was used in all the experiments. Dialysis
membrane (MWCO 3500 Da) and a glass filter frit were purchased
from Spectrum Laboratories, Rancho Dominguez, CA and Chem-
glass, Vineland, NJ, respectively.

Synthesis of Linear-Dendritic Copolymer. PLLA terminated
with allyl groups was synthesized by DCC coupling reaction of
PLLA and allylamine. PLLA (1 mmol, 2 g) was dissolved in the
mixture solvent of DMF and CH2Cl2 (3:7 v/v) at room temperature.
DCC (1.3 mmol, 0.268 g) and HOBT (1.3 mmol, 0.175 g) were
predissolved in a small amount of the mixture solvent, respectively,
and then added into the PLLA solution in the presence of nitrogen.
After 1 h, allylamine (1.3 mmol, 0.0975 g) was added dropwise
with moderate stirring, and the reaction proceeded at room
temperature for 5 h. After dicyclohexylurea (DCU) side product
was removed by filtration, final solution was precipitated in ether
and dried in a vacuum for 1 day. The resulting product was washed
twice with methanol to remove unbound allylamine, DCC, and
HOBT, filtered and dried in a vacuum for 1 day. The yield of this
reaction was 90%.

PNIPAAM grafted with PLLA was synthesized by free radical
polymerization. Monomer NIPAAM (20 mmol, 2.263 g, Aldrich),
macromer PLLA terminated with allyl groups (0.02 mmol, 0.041
g), transfer agent 2-aminoethanethiol (1 mmol, 0.113 g), and
initiator pentanedione peroxide (0.3 mol % of total monomers) were
dissolved in DMF (5 mL). The solution was degassed by freezing
and thawing method. The reaction was conducted under nitrogen
condition at 100°C for 4 h. The solution was precipitated with
10-fold excess ether and filtered and dried in a vacuum for 1 day.
To remove unbound chemical compounds including 2-amino-
ethanethiol, pentanedione peroxide, NIPAAM monomer and PLLA
terminated with allyl groups, the polymer solution was dialyzed
against DMF for 6 h. For further purification, the polymers were

dissolved in water at 50 mg‚mol-1 and centrifuged to precipitate
unbound PLLA at 3000 rpm at 25°C for 1 h. The supernatant was
carefully taken out and centrifuged at 31°C for 1 h to remove
PNIPAAM homopolymer, which has a LCST of 32°C. These
processes were done three times. The precipitated PNIPAAM
grafted with PLLA was dissolved in water and lyophilized. The
yield of this reaction was 82%. Homogeneous PNIPAAM was
synthesized under the same condition for comparison.

Fmoc8-Lys4-Lys2-Lys-âAla terminated with carboxylic acid
was obtained by cleaving the ester bond between Fmoc8-Lys4-Lys2-
Lys-âAla and Wang resin of Fmoc8-Lys4-Lys2-Lys-âAla-Wang
resin using mixture solvent of TFA (4.75 mL), distilled water (0.125
mL) and TIS (0.125 mL) for 2 h. The reaction solution was filtered
through a glass filter frit. The filtrate was precipitated in 10-fold
excess cold ether to remove excess reaction reagents, and further
washed with ether four times. The product was dried with
moderately blowing nitrogen.

Thermoresponsive-co-biodegradable linear)dendritic co-
polymer was synthesized by DCC coupling reaction of Fmoc8-
Lys4-Lys2-Lys-âAla (PLL dendron, 80 mg, 0.028 mmol) and
PNIPAAM grafted with PLLA (11.25 mg, 0.0035 mmol) in DMF
at room temperature for 4 h. The solutions were filtered and
precipitated in cold ether. After drying, the linear-dendritic
copolymer was dissolved in piperidine (50% in DMF) to cleave
off Fmoc groups. After 15 min, the solution was precipitated in
cold ether and further washed in ether four times and dried. Final
linear-dendritic copolymer was dissolved in water and lyophilized.
For further purification, the linear-dendritic copolymer was washed
with excess methanol four times to remove unbound PNIPAAM
grafted with PLLA and dried with nitrogen blowing. To remove
unbound PLL dendron, the linear-dendritic copolymer was dis-
solved in distilled water at 500 mg‚mL-1. The linear-dendritic
copolymer solution was centrifuged at 3000 rpm at 39°C for 1 h.
The supernatant containing unbound PLL dendron was carefully
taken out, and fresh distilled water was added for further washing.
These purification processes were repeated three times, and the
precipitated linear-dendritic copolymer was dissolved in water and
lyophilized. The yield of this reaction was 76%.

Chemical and Physical Structures of Linear-Dendritic
Copolymer. 1H NMR. 1H NMR (Brukers, DRX-400, Billerica,
MA) was used to measure the chemical shifts of the products of
each synthesis step. For PLLA, PLLA terminated with allyl group
and PNIPAAM grafted with PLLA, CDCl3 was used as a solvent,
and the chloroform-d1 resonance was set at 7.27 ppm. For linear-
dendritic copolymer, D2O was used as a solvent, and tetramethyl-
silane was used as an internal reference. Samples for the1H NMR
measurements were prepared by dissolving approximately 1 mg
each of material in 1 mL of the corresponding solvent.

MALDI -TOF Mass Spectroscopy.MALDI -TOF mass spec-
tra were done on Voyager DE-PRO Biospectrometry Workstation
(Perseptive Biosystems). A N2 laser radiating at 337 nm wavelength
with 3 ns pulses was used. Ions generated by the laser pulses were
accelerated to 25 kV energy. Distilled water was used as a solvent
for linear-dendritic copolymer, PNIPAAM grafted with PLLA and
homogeneous PNIPAAM, and THF was used as a solvent for
PLLA. Polymer sample solutions at 10 mg‚mL-1 were mixed with
a matrix solution of 2,5-dihydroxybenzoic acid (10 mg‚mL-1) at a
ratio of 1:9 (v/v, polymer:matrix). The number and weight-average
molar masses of the polymers were determined in a linear mode.

Thermoresponsive Properties of Linear-Dendritic Copoly-
mer. UV-Vis Spectroscopy.Transmittance of the linear-dendritic
copolymer in PBS (pH 7.4) at 1, 0.5, 0.1, and 0.05 mg‚mL-1 was
measured against temperature by UV-vis spectroscopy (Perki-
nElmer Lamda 25) at 500 nm wavelength. Temperature was
increased at rate 1°C/20 min between 10 and 55°C. The LCSTs
of the linear-dendritic copolymer were defined as temperatures at
95% of maximum transmittance.

Dynamic Light Scattering. The apparent average hydrodynamic
radii (Rh) of the linear-dendritic copolymer in PBS (pH) 7.4) at
1, 0.5, and 0.1 mg‚mL-1 were measured as a function of temperature
by a dynamic light scattering instrument equipped with an ALV-
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CGS-8F compact goniometer system, an ALV-5000/EPP multiple
τ real time correlator, and an ALV-5000/E/WIN software (ALV,
Germany). The light source was a JDS Uniphase helium/neon laser
(633 nm, 35 mW, Manteca, CA). Autocorrelation functions of the
linear-dendritic copolymer solution at 90° scattering angle were
collected three times every half a hour at each temperature between
15 and 45°C, and samples were stabilized for 1 h after each
temperature change. The data were fitted using a Cumulants method
to derive apparent hydrodynamic radii of the linear-dendritic
copolymer. The LCSTs of the linear-dendritic copolymer were
defined as the initial break points ofRh-temperature curves.

Biodegradable Properties of Linear-Dendritic Copolymer.
Viscometer, MALDI)TOF, and FTIR. The relative viscosity,
molar mass, and chemical structure changes of the linear-dendritic
copolymer in PBS (pH) 7.4) at 1 mg‚mL-1 were measured as a
function of time for 35 days by a Cannon-Ubbelohde type
viscometer (following the procedures of ASTM D 445 and ISO
3104), MALDI-TOF and FTIR, respectively, at 25 and 37°C.
For FTIR measurements, 10µL linear-dendritic copolymer in PBS
(pH ) 7.4) solutions at selected degradation time points were
applied on a KBr window (KBr DSC UNIPOL, 20 mm× 5 mm,
International crystal labs, Garfield, NJ) and dried at room temper-
ature for 1 day. The IR absorbance of the samples was measured
by Thermo Nicolet Avetar 370 FTIR instrument (Madison, WI) at
wavelength from 400 to 4000 cm-1.

Particle Size of Linear)Dendritic Copolymer. Transmission
Electron Microscopy (TEM). TEM images were acquired on a
Philips TEM 400 with an accelerating voltage of 60 kV at a
magnification of 50 000 or 100 000 and a slight defocus to enhance
contrast. Samples were prepared by dissolving linear-dendritic
copolymer in Millipore water (18Ω) at 2.5 mg‚mL-1, and then 20
µL solution was pipetted onto a holey carbon coated 400 mesh
copper grid. The linear-dendritic copolymer solution was allowed
to sit for 5 min after excess solution was wicked off to the side
with filter paper. Immediately thereafter, 20µL of 2 wt %
phosphotungstic acid solution was pipetted onto the grid. The
residual film of liquid was allowed to dry in the air.

Results and Discussion

In the present work, the thermoresponsive-co-biodegradable
linear-dendritic copolymer was synthesized by coupling PLL
dendron and PNIPAAM grafted with PLLA by the following
three steps (Scheme 1). At first, PLLA (Mw ) 2000 g‚mol-1)
was terminated with allyl group by coupling PLLA with
allylamine through DCC reaction with HOBT in DMF/meth-
ylene chloride (50:50 v/v) at room temperature. Second, PLLA
was grafted to PNIPAAM by free radical polymerization of the
PLLA terminated with allylamine macromer and NIPAAM
monomer using pentanedione peroxide as an initiator and
2-aminoethanthiol as a transfer agent in DMF under nitrogen
condition at 100°C for 4 h. Third, the linear-dendritic
copolymer was prepared by DCC coupling reaction of PLL
dendrons (Fmoc8-Lys4-Lys2-Lys-âAla, three generation) and the
PNIPAAM grafted with PLLA in DMF at room temperature.
The Fmoc group of the linear-dendritic copolymer was cleaved
in 30/70 (v/v) mixture of piperidine and DMF, and precipitated
in cold diethyl ether. The resulting polymer was purified by
using cellulose dialysis membrane (MWCO 3500 Da).

To confirm the success of the syntheses, we characterized
the chemical structures of the PLLA, PNIPAAM grafted with
PLLA, and linear-dendritic copolymer using1H NMR. Figure
1 demonstrated that after allylamine was conjugated with PLLA,
the resulting product Ally-PLLA had four new NMR peaks at
δ 6.26 (c, -CH)CH2), δ 5.80 (d, -CHdCH2), δ 3.85 (e,
-NH-CH2-CH2-CHdCH2) andδ 3.46 ppm (f,-NH-CH2-
CH2-CHdCH2) owning to the allylamine component, besides
the two characteristic peaks of PLLA atδ 5.15 (a,-O(OdC)-
CHCH3-) and δ 1.59 ppm (b,-O(OdC)CHCH3O-). After
Ally-PLLA was grafted to PNIPAAM, the following five new
1H NMR peaks (Figure 1) occurred due to the incorporation of
aminoethanethiol and PNIPAAM:δ 7.93 (g,-(CdO)NHCH-

Scheme 1. Synthesis of the Thermoresponsive and Biodegradable Linear-Dendritic Copolymer Composed of PNIPAAM, PLLA, and
PLL
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(CH3)2), δ 3.97 (h, -(CdO)NHCH(CH3)2), δ 2.46 (i,-CH2CH-
(CdO)CH2-), δ 2.07 (j,-NH2), δ 1.78 (k,-CH2CH(CdO)-
CH2-), and 1.13 (l: -(CdO)NHCH(CH3)2) ppm. After PLL
dendrons were attached to PNIPAAM grafted with PLLA, the
1H NMR spectrum of the linear-dendritic copolymer (Figure
1) showed many more peaks in the region of 1 to 4.5 ppm than
that of the PNIPAAM grafted with PLLA due to the protons of
-CH2-, >CH- and-NH2- of the PLL dendrons., including
δ 4.24 (m, -(OdC)CH(NH-)CH3, alanine),δ 4.13 (n,-(Od
C)CHNHCH2-, first and second generation),δ 3.33 (o, -(Od
C)CHNHCH2-, third generation),δ 3.12 (p, >CHCH2CH2-
CH2CH2CH2NH-), δ 2.84 (q,>CHCH2CH2CH2CH2CH2NH2),
δ 1.65 (r,>CHCH2CH2CH2CH2CH2NH-), δ 1.44 (s,>CHCH2-
CH2CH2CH2CH2NH-) andδ 1.28 ppm (t,>CHCH2CH2CH2-
CH2CH2NH-).

To further confirm the success of the linear-dendritic
copolymer synthesis, we determined the molar masses and molar
mass distributions of the PLLA, PNIPAAM, PNIPAAM grafted
with PLLA and linear-dendritic copolymer using MALDI-
TOF mass spectroscopy. As shown in Figure 2 and Table 1,
the molar masses increased with the steps of the syntheses, in
the order of PNIPAAM, PLLA< PNIPAAM grafted with
PLLA < linear-dendritic copolymer. The number-average
molar massMn of the PNIPAAM grafted with PLLA and
linear-dendritic copolymer were around 2560 and 4550 g‚mol-1,
respectively. The weight-average molar mass of the PNIPAAM
grafted with PLLA and linear-dendritic copolymer were around
3280 and 5270 g‚mol-1, respectively. The molar mass distribu-
tion of the linear-dendritic copolymer was 1.21( 0.13.
Encouragingly, theMn of the final linear-dendritic copolymer
can be theoretically calculated by the sum of 2560 (PNIPAAM-
co-PLLA copolymer) and 1936 (two PLL dendrons minus two
H2O), resulting in 4496 (g/mol), which is approximately

matching the observedMn (4550 g/mol) of the final linear-
dendritic copolymer. Furthermore, precise measurement of the
molecular weight shifts in the individual MALDI-TOF peaks
from the PNIPAAM-co-PLLA to the linear-dendritic copoly-
mer confirmed that exact two PLL dendrons were attached on
the both ends of the PNIPAAM-co-PLLA.

To characterize the thermoresponsive properties of the
synthesized linear-dendritic copolymer, UV-vis spectroscopy
was used to study the transmittances of linear-dendritic
copolymer in phosphate buffer saline (PBS, pH 7.4) as a

Figure 1. 1H NMR spectra of PLLA, Allyl-PLLA, PNIPAAM grafted with PLLA and linear-dendritic copolymer.

Figure 2. Representative MALDI-TOF spectra of PNIPAAM, PLLA,
PNIPAAM grafted with PLLA, and linear-dendritic copolymer.

Table 1. Molar Masses and Molar Mass Distributions of the
Polymers

sample id Mn/g‚mol-1 Mw/g‚mol-1 Mw/Mn

PNIPAAM grafted with PLLA 2560( 229 3280( 272 1.28( 0.12
linear-dendritic copolymer 4550( 295 5270( 270 1.21( 0.13
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function of temperature with various concentrations (Figure 3).
The linear-dendritic copolymer was thermoresponsive, showing
LCSTs (defined as temperature at 95% of maximum transmit-
tance) of 31, 32, 34, and 39°C at concentrations of 1, 0.5, 0.1,
and 0.05 mg‚mL-1, respectively, which increased with decreas-
ing the linear-dendritic copolymer concentration. The LCST
became obscure with decreasing the concentration of linear-
dendritic copolymers. Above the LCST, the transmittance
magnitudes decreased with increasing concentration due to the
increasing polymer interactions. Figure 4 shows the concentra-
tion dependence of the LCSTs of the PNIPAAM, PNIPAAM
grafted with PLLA and linear-dendritic copolymer. The LCSTs
of PNIPAAM and PNIPAAM grafted with PLLA decreased
linearly with logarithmic concentration, and the latter was 2°C
lower than the former due to the hydrophobicity of the PLLA.
However, the LCST of the linear-dendritic copolymer showed
nonlinear relationship with logarithmic concentration and the
highest value compared to that of the other two types of
polymers due to the positive charges and hydrophilicity of the
PLL.

The thermoresponsive properties of the linear-dendritic
copolymer were further confirmed by measuring the hydrody-

namic radii (Rh) of the linear-dendritic copolymer against
temperature using dynamic light scattering (Figure 5). The
apparent average hydrodynamic radii of the linear-dendritic
copolymer in PBS (pH) 7.4) at three concentrations 1, 0.5,
and 0.1 mg‚mL-1 showed a temperature dependence in three
regions. In the low-temperature ranges of 15-25, 15-29, and
15-30 °C at concentrations 1, 0.5, and 0.1 mg‚mL-1, respec-
tively, Rh was constant. This indicated that the linear-dendritic
copolymer was thermally stable in these low-temperature ranges.
In the middle temperature ranges starting at 25, 29, and 30°C
at 1, 0.5, and 0.1 mg‚mL-1, respectively,Rh increased with
increasing temperature before they reached their respective
maximum values at 33°C. This implied that the linear-dendritic
copolymer was not thermally stable and became more and more
aggregated due to interchain interactions with increasing tem-
perature in these middle temperature ranges. In both the low
and middle temperature ranges,Rh increased with increasing
concentrations possibly because interchain interactions increased
with increasing concentrations. In the high-temperature ranges,
Rh decreased with increasing temperature. Since PLLA withMn

) 1835 g‚mol-1 was used to synthesize the PNIPAAM grafted
with PLLA and the MALDI-TOF results demonstrated that
the PNIPAAM grafted with PLLA hadMn ) 2560 ( 229
g‚mol-1 (Table 1), the average length of the PNIPAAM chain
was rather short (DPn was 5 or smaller). Thus, it is hard to
simply explain that the size decrease in the high-temperature
range was due to the intrachain interactions of the PNIPAAM
component.44,45The possible reasons for the size decrease might
be that (1) with increasing temperature, the degradation of the
PLLA component became faster so that the aggregates of the
linear-dendritic copolymer might be broken down and became
smaller and smaller, (2) due to the complexity of the structure
of the linear-dendritic copolymer, MALDI-TOF might un-
derestimate the polymers’ molar masses,46,47 (3) the PLLA
component might degrade during the synthesis and purification
process, and (4) the final linear-dendritic copolymer might
contain impurity like homogeneous PNIPAAM conjugated with
PLL dendrons. It is unclear at current stage which one of the
above possibilities was dominant. In Figure 5, the LCSTs of
the linear-dendritic copolymer, defined as the initial break
points of theRh-temperature curves, were 29 (might be between
25 and 29°C), 30, and 31°C at 1, 0.5, and 0.1 mg‚mL-1,
respectively. The LCSTs determined by the DLS was slightly
lower than those determined by the UV-vis spectroscopy for
the same solution concentration, which might be attributed to
different instruments for the measurements. Both the DLS and
UV-vis results demonstrated that the LCST decreased with
increasing concentration. It is worth to mention that the sizes

Figure 3. Transmittances of linear-dendritic copolymer, measured
by UV-vis spectroscopy, against temperature in PBS (pH 7.4) at
concentrations of 0.05 (b), 0.1 (2), 0.5 ([), and 1 (9) mg‚mL-1.

Figure 4. LCSTs of PNIPAAM (]), PNIPAAM grafted with PLLA
(0) and linear-dendritic copolymer (2) against concentrations in PBS
(pH 7.4), measured by UV-vis spectroscopy.

Figure 5. Apparent hydrodynamic radii of linear-dendritic copolymer
against temperature in PBS (pH 7.4) at concentrations 0.1 (2), 0.5 ([),
and 1 (9) mg‚mL-1, measured by dynamic light scattering. Results
represented the mean( s.d. of three measurements.
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of the linear-dendritic copolymer in dry state measured by
transmission electron microscopy (TEM) were between 20 and
40 nm (Figure 6).

To characterize the hydrolytically degradable properties of
the linear-dendritic copolymer, we measured the viscosity and
molar mass changes of the linear-dendritic copolymers as a
function of time using a Cannon-Ubbelohde viscometer (Figure
7) and MALDI-TOF (Figure 8), respectively, in PBS (pH)
7.4) at temperature below (25°C) and above the LCST (37°C).
Both the viscosity and molar mass of the linear-dendritic
copolymer decreased with time, decreased faster at 37°C than
at 25°C, and reached a stable value after 19 days. Interestingly,
the equilibriumMn in Figure 8 was around 2727 g‚mol-1, and
its subtraction from the initialMn (4220 g‚mol-1) was around
1470 g‚mol-1, which was close to theMn (1835 g‚mol-1) of
the PLLA. The results implied that the linear-dendritic
copolymer degraded, and their degradation might be attributed
to the hydrolytic degradation of the PLLA component of the
linear-dendritic copolymer. To further study the degradation
mechanism of the linear-dendritic copolymer, we measured the
FTIR spectra of the linear-dendritic copolymer as a function
of time (Figure 9(a)). We observed that the peak intensities at
∼1760 cm-1 (ester CdO stretching of PLLA), clearly decreased
with time and disappeared after 19 days. While the peak
intensities at∼1710 cm-1, which was owned to the acid CdO
stretching of degraded PLLA increased and overlapped with
the peaks at∼1760 and∼1660 cm-1 with time. Since the peaks
at∼1660 cm-1, which was attributed to amide CdO stretching
of PNIPAAM and PLL, were relatively stable, we used them

as reference peaks to normalize the peak intensities at∼1760
cm-1. The resulted peak height percentage decreased with time
and became near 0 after 19 days (Figure 9b). Therefore, the
viscosity, MALDI-TOF and FTIR results strongly suggest that
the designed linear-dendritic copolymer is biodegradable due
to the hydrolytic degradation of the PLLA component. This
thermoresponsive and partially degradable copolymer with bulky
branched PLL ending groups will have synergetic advantages
from each of the three components as described in the
Introduction section, and has great potential for thermally
targeted and sustained drug delivery across biological barriers
in response to temperature and pH changes.

Conclusions

A thermoresponsive-co-biodegradable linear-dendritic co-
polymer was synthesized by DCC coupling reaction of three
generation PLL dendron and PNIPAAM grafted with PLLA.
1H NMR spectra confirmed the chemical structure of the
synthesized linear-dendritic copolymer. MALDI-TOF results
showed that the linear-dendritic copolymer had number-average
and weight molar mass at around 4550 and 5270 g‚mol-1,

Figure 6. Particle sizes of dendrimer in the dry state, measured by
TEM.

Figure 7. Viscosities of dendrimer against time in PBS (pH 7.4) at
0.1 mg‚mL-1 at temperature below (0, 25 °C) and above the LCST
(9, 37 °C), measured by Cannon-Ubbelohde type viscometer. Results
represented the mean( s.d. of five measurements.

Figure 8. Number molar masses of dendrimer against time in PBS
(pH 7.4) at 0.1 mg‚mL-1 at temperature below (0, 25 °C) and above
the LCST (9, 37 °C), measured by MADI-TOF. Results represented
the mean( s.d. of five measurements.

Figure 9. Changes in (a) FTIR spectra; and (b) Relative FTIR peak
intensities of dendrimer at∼1760 cm-1 (ester CdO stretching of PLLA)
normalized by those at∼1660 cm-1 (amide CdO stretching of
PNIPAAM and PLL) at timet to those at initial time. Dendrimer
degraded in PBS (pH 7.4) at 0.1 mg‚mL-1 with time at temperature
below (0, 25°C) and above the LCST (9, 37°C). Results represented
the mean( s.d. of five measurements.
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respectively, and molar mass distribution at 1.21( 0.13. TEM
results show that the linear-dendritic copolymer has 20-40
nm diameters in dry state. UV-vis spectroscopy measurements
of the transmittance of the linear-dendritic copolymer against
temperature demonstrated that the linear-dendritic copolymer
was thermoresponsive by showing LCSTs around of 31, 32,
34, and 39°C at concentrations of 1, 0.5, 0.1, and 0.05
mg‚mL-1, respectively, which increased with decreasing the
linear-dendritic copolymer concentration. Dynamic light scat-
tering measurements of the hydrodynamic sizes of the linear-
dendritic copolymer against temperature further confirmed the
thermoresponsive properties of the linear-dendritic copolymer
with LCSTs two to three Celsius degree lower than those
measured by UV-vis spectroscopy. The linear-dendritic
copolymer at 0.1 mg‚mL-1 degraded in PBS (pH) 7.4)
solutions with both viscosity and molar mass decreasing with
time for 19 days due to the hydrolytically degradation of the
PLLA component, which was revealed by the FTIR measure-
ments. The linear-dendritic copolymer at 0.1 mg‚mL-1 de-
graded faster at 37°C than at 25°C. The thermoresponsive-
co-biodegradable linear-dendritic copolymer is currently being
developed for targeted and sustained release of therapeutic
agents across the blood brain barrier and to the cancerous lesions
in response to temperature change.
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