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responding to environmental changes. 
Inspired by this, stimuli-responsive 
nanocarriers have been fabricated for 
many disease treatments. [ 2 ]  Up to now, 
endogenous variations of local micro-
environment in the disease sites (pH, [ 3 ]  
enzymes, [ 4 ]  and redox-potential, [ 5 ]  etc.), 
exogenous triggers (such as tempera-
ture, [ 6 ]  light, [ 7 ]  and magnetic fi eld [ 8 ]  and 
their combinations [ 9 ]  have been exploited 
to realize desirable drug delivery. How-
ever, it is still a great challenge to design 
and develop novel approaches to prepare 
smart nanocarriers with high biocompat-
ibility and excellent biodegradability for 
controlled drug release. 

 Biomolecules such as DNA, lipid, 
peptides and proteins have been exten-
sively utilized as remarkable building 
blocks to self-assemble versatile func-
tional nanomaterials for biomedical 

applications, such as drug delivery, tissue engineering and 
gene therapy. [ 10 ]  Among them, diphenylalanine (FF) and 
its derivates originating from the Alzheimer’s β-amyloid 
polypeptide, as its core recognition motifs for molecular 
self-assembly, [ 11 ]  have attracted much interest due to their 
structural simplicity, ease of chemical modifi cation, [ 12 ]  
biocompatibility [ 10g , 13 ]  and especially strongly capability of 
assembly under different kinds of conditions. [ 10e , 11  ,  14 ]  In a 
few pioneering works, FF has been paid great attention on 
its self-assembly in forming nanotubes and vesicles. [ 11 , 13b ]  In 
our previous reports, many FF-based microstructures such 
as organogels, [ 13c ]  microcrystals, [ 14e ]  and 3D peony-fl ower-
like hierarchical mesocrystals [ 14f  ]  were prepared by using dif-
ferent solvents. 

 In this report, we found that the small aldehyde molecule 
could induce cationic diphenylalanine (CDP) to assemble into 
nearly monodisperse enzyme-responsive nanoparticles. To 
our best knowledge, this is the fi rst time to get such stable 
structure based on FF and they have shown the high biocom-
patibility and excellent biodegradability.  Scheme    1  a shows 
the relevant chemical reaction. In detail, the oligomeric glu-
taraldehyde (2GA and 3GA) could be formed through inter-
molecular aldol reaction. [ 15 ]  Then, Schiff base covalent bond 
was formed through the reaction between aldehyde groups 
in the oligomers and amino groups in CDP, generating 
bola-like CDP-2GA-CDP and CDP-3GA-CDP units. The units 
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  1.     Introduction 

 Advanced drug delivery systems have obtained tremen-
dous attention in biomedical applications because of their 
improved bioavailability, enhanced pharmacokinetics, 
increased cell uptake and pinpointed intracellular drug 
release. [ 1 ]  In nature, many supramolecular assemblies 
can alter their conformations and chemical structures 
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self-assembled into CDP nanocarriers (CDPNCs) by further 
aging. The CDPNCs could be taken in by cancer cells and 
fi nally degraded in the cells (Scheme  1 b). The fl exible and 
facile strategy presented in this work will provide new oppor-
tunities to design and develop amino acid-based nanoparti-
cles with versatile biofunctions. Furthermore, the CDPNCs 
exhibit an adaptive trait of encapsulating various small guest 
molecules and a desirable enzyme-sensitive nature. Specially, 
the drug-encapsulation and enzyme-responsiveness of the 
CDPNCs were evaluated by using doxorubicin (DOX) as a 
representative anticancer drug. Notably, compared with free 
DOX, even at a very low drug concentration, the DOX-loaded 
CDPNCs displayed much higher cytotoxicity in vitro after 
incubation with tumor cells.   

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of CDPNCs 

 In a typical experiment, the CDPNCs were initially prepared by 
adding an aqueous solution of GA to a 1,1,1,3,3,3-hexafl uoro-
2-propanol (HFP) solution of CDP with a molar ratio of GA to 
CDP 1:1. At the beginning, such a mixture was a clear solu-
tion. Then, an opalescent and cloudy suspension emerged after 
aging for 24 h at room temperature (Figure S1, Supporting 
Information), indicative of the formation of some assembly 
in the system. After separation and purifi cation, as shown in 
 Figure    1  , the precipitates were characterized by scanning elec-
tron microscopy (SEM), transmission electron microscopy 
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 Scheme 1.    a) The formation of bola-like CDP-2GA-CDP and CDP-3GA-CDP through Schiff base covalent bond by a cross linkage reaction between CDP 
and GA. b) A schematic illustration of the assembly of CDPNCs and their intracellular biodegradation.
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(TEM) and dynamic light scattering (DLS) measurement. 
Figure  1 a reveals the product is uniform nanospheres with the 
diameter of about 450 nm. The regular spherical structure is 
also demonstrated by TEM and homogenous contrast presents 
the typical characteristic of solid nanospheres (Figure  1 b). Fur-
ther, cryo-TEM image (Figure  1 c) of a single nanosphere in 
situ shows that its contrast decreases gradually from the center 
to edge, which has a good agreement with the TEM result. 
Based on the TEM measurement, a histogram is obtained and 
reveals that the size of nanospheres is about 450 nm (Inset in 
Figure  1 c). The hydrodynamic diameter of CDPNCs in DLS 
measurement (Figure  1 d) is about 480 nm, which is close to 
the results estimated by SEM and TEM. The surface charge of 
CDPNCs is positive (+28 mV) because of the existence of the 
protonated amino groups on the surface of the assembly. Inte-
grating these results above, we can infer that the CDP can react 
with GA to form CDPNCs in ultra-pure water. It should be 
noted that if the ultra-pure water was added to the CDP/HFP 
solution, the above phenomena would not appear and vesicles 
would be obtained after aging. [ 13b ]   

 Fourier transform infrared spectroscopy (FTIR) spectra are 
displayed in  Figure    2  a before and after the introduction of 
GA. CDP spectrum (red curve) shows typical amino I in the 
range from 1600 to 1700 cm −1 , and the absorption at 1641 cm −1  
is obviously stronger than the absorption at 1676 cm −1 , indi-
cating a predominant parallel β-sheet confi guration. In con-
trast, in CDPNCs spectrum (black curve), the absorption 

at 1683 cm −1  remarkably increases and the absorption at 
1605 cm −1  almost vanishes, which is indicative of an anti-par-
allel confi guration. [ 14e , 16 ]  Compared with CDP spectrum, it is 
implied that structural transitions occur in CDPNCs. Although 
the weak absorption of C = N stretching at 1600 cm −1  is masked 
by typical amino I at 1605 cm −1 , the absorption intensity at 
1409 cm −1  is increased, which is the merging of peak at 1429, 
1415, and 1389 cm −1  and a characteristic absorption of the 
C = N. [ 17 ]  In addition, the intensity at 2934 cm −1  in CDPNCs, 
deriving from the C–H stretching of the Schiff base, [ 17 ]  also 
dramatically increases. Hence, the apparent variation of FTIR 
spectra suggests that CDP can react with GA to form Schiff 
base bond, which is further confi rmed by X-ray photoelectron 
spectroscopy (XPS) in Figure  2 b. A peak at about 401.7 eV 
emerges in pattern of CDP, which corresponds to the terminal 
protonated N element of amino groups. However, a new peak 
at 400.2 eV occurs in pattern of CDPNCs by comparing the N 
element spectrum of CDP, which is attributed to the formation 
of C = N. Taken together, Schiff base bond is formed by CDP 
reacting with GA, resulting in the formation of CDPNCs.  

 The molecular structure forming CDPNCs was further iden-
tifi ed by the matrix-assisted laser desorption/ionization time-of-
fl ight mass spectrometry (MALDI-TOF-MS) in Figure S2 (Sup-
porting Information). The spectrum of CDP includes a charac-
teristic peak at 334  m / z , which is indicative of CDPNa + . As a 
comparison, the peak of CDP molecule is not observed and a 
typical new peak emerges at 751 and 832  m / z  in the spectrum 
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 Figure 1.    a) SEM images of CDPNCs (Inset: magnifi ed SEM image of a single CDPNC). b) TEM images of CDPNCs (Inset: magnifi ed TEM image 
of a single CDPNC). c) Cryo-TEM image of a single CDPNC (Inset: A histogram for size-distribution of CDPNCs based on the TEM measurement). 
d) Size-distribution of CDPNCs measured by DLS (PDI = 0.030).
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of CDPNCs, which can be assigned to CDP-2GA-CDPH +  and 
CDP-3GA-CDPH + , respectively. It can be deduced that the oli-
gomeric GA can be formed through the aldol reaction [ 15 ]  and 
then reacts with CDP to form CDP-2GA-CDP and CDP-3GA-
CDP (Scheme  1 a). Subsequently, thermogravimertric analysis 
(TGA) curve of the CDPNCs (Figure S3) shows that the weight 
loss at about 100 °C is ascribed to the release of free water mol-
ecules embedded in the CDPNCs, revealing small amount of 
water molecules might participate in assembly toward the for-
mation of CDPNCs through hydrogen bond. [ 18 ]  In particular, 
scarcely any weight loss at 175 °C, indicating that CDP mol-
ecules are not included in the CDPNCs. It is in accordance with 
previous reports [ 14c,e , 18  ,  19 ]  and the MS result above. 

 In order to further illustrate the formation mechanism of 
the CDPNCs, time-dependent size and surface potential of 
CDPNCs assembled were investigated. As shown in Figure S4, 
the nucleus is quickly formed within 2 min, and then the cor-
responding nuclei grow slowly in a few hours to form relatively 
bigger CDPNCs. After aging for 24 h, the size and surface 

potential of CDPNCs keep almost constant. According to these 
results, it can be inferred that CDP react with GA through the 
formation of Schiff base bond to produce CDP-2GA-CDP and 
CDP-3GA-CDP with poor solubility, which further assembles 
into smaller nuclei and the corresponding nuclei grow slowly 
until an arrival of equilibrium. Therefore, the formation mecha-
nism of CDPNCs is involved with nucleation-controlled growth. 
The strategy to fabricate CDPNCs proposed in this work also 
can be used to prepared other amino acid-based nano particles, 
such as phenylalanine (F), having the similar chemical struc-
ture to CDP. As displayed in Figure S5, the uniform phenyla-
lanine nanospheres were successfully prepared through this 
method. 

 Autofl uorescent microspheres as novel biological traceable 
materials have acquired a considerable amount of research 
interest. [ 20 ]  The autofl uorescent property of CDPNCs was 
investigated by fl uorescence emission spectrum (FL) and con-
focal laser scanning microscopy (CLSM). The FL spectrum 
of CDPNCs (Figure S6, Supporting Information) excited by 
290 nm displays a broad emission area within the range from 
350 to 550 nm due to the formation of Schiff base, [ 21 ]  which 
is further confi rmed by CLSM images of CDPNCs in water 
in Petri dishes. When the CDPNCs are excited at 405 nm by 
laser, multi-wave autofl uorescent nature of the CDPNCs in 
three bands, blue (430–480 nm), green (500–550 nm) and red 
(590–640 nm), is exhibited in  Figure    3  . The remarkable auto-
fl uorescent property of CDPNCs can be attributed to the n-π* 
transitions of C = N bonds in the Schiff base. [ 17a,b , 20  ,  22 ]  The 
autofl uorescent nanocarriers, as a potential biological traceable 
materials, have been proved to gain remarkable advantages over 
fl uorochrome-labled nanocarriers because of avoiding the infl u-
ence of any external addition. [ 17a,b , 20a , 22 ]    

  2.2.     Stability at Different Dispersion, Cell Uptake, and Enzymatic 
Biodegradation of CDPNCs 

 The stability of CDPNCs to variation of environmental pH 
value is a desirable feature for their biomedical applications. 
The response of CDPNCs to different pH values was investi-
gated by monitoring the change in turbidity of the dispersion 
when the step-wise addition of 0.1  M  NaOH was carried out. 
It should be noted that the pH after the formation of CDPNCs 
is about 3.7. As shown in  Figure    4  a, when the pH in system 
varies from 3.7 to 8.5, the turbidity slightly declines. It can be 
explained that partly aggregation of CDPNCs occurs through 
the salt effect, [ 23 ]  which can be confi rmed by the relevant TEM 
results (Figure S7, Supporting Information). All of the results 
reveal the CDPNCs can exist with good stability at physiolog-
ical pH condition. The stability was further assessed in cell cul-
ture medium. Figure  4 b exhibits the CDPNCs are stable more 
than 10 days when they are added to the Dulbecco’s modifi ed 
Eagle’s medium (DMEM) with bovine serum albumin (BSA). 
In this case, an increase of about 20 nm in size of CDPNCs is 
observed at the beginning due to protein adsorption via elec-
trostatic attraction, which can be confi rmed by the change of 
surface charge of CDPNCs from +28 to –12 mV. Then, the 
size keeps changeless with the time further extending, indi-
cating that the CDPNCs cannot be broken by the components 
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 Figure 2.    a) FTIR spectra of CDP and CDPNCs powder. b) XPS patterns 
of N element of CDP and CDPNCs powder.
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of the biological medium and can stably exist in the biological 
medium.  

 Furthermore, the biodegradation of nanocarriers is very 
important for application in releasing their encapsulated cargo 
in the bio-system. The degradation of CDPNCs as-prepared was 
demonstrated in vitro. Tyrisin was chosen as a representative of 
enzymes. The CDPNCs were co-incubated with tyrisin in PBS 
(pH = 7.2) at 37 °C. CLSM and TEM were employed to monitor 
the detailed degradation process of CDPNCs at different times. 
As shown in Figure S8 (Supporting Information), when the 
incubation time is 1 day, in comparison with incubation in PBS 
without tyrisin, the sharp reduction of red dots originating from 
fl uorescence of CDPNCs is clearly observed. As incubation 
time is prolonged to 10 days, CDPNCs in PBS without tyrisin 
only slight decrease, while CDPNCs with tyrisin are left very 
few and are seldom observed. To further verify the degradation 
of CDPNCs, TEM was used to monitor the morphology varia-
tion of CDPNCs incubated with tyrisin. Compared with orig-
inal morphology of CDPNCs ( Figure    5  a), most CDPNCs with 
different size holes are clearly visible after incubated for 1 day 
(Figure  5 b). With the incubation time extending, the holes in 
CDPNCs become gradually larger and larger (Figure  5 c). When 

incubation time is prolonged to 10 days, it is very hard to fi nd 
intact spherical structure and only slight edge of CDPNCs 
rather than CDPNCs with holes are observed (Figure  5 d). These 
results exhibit that CDPNCs can be degraded by tyrisin at phys-
iological pH condition, indicating it is possible CDPNCs are 
degradable in the cells under the action of enzymes.  

 CLSM imaging 3D reconstruction was used to investigate 
intracellular distribution of CDPNCs after cells were incubated 
with CDPNCs for 1 day. As revealed in  Figure    6  , the right and 
bottom images showed that a few CDPNCs appeared in the 
cytoplasm, indicating they were enveloped by the cells mem-
brane through endocytosis. [ 24 ]  Furthermore, to confi rm biodeg-
radation of CDPNCs at the cellular level, they were co-incubated 
with HeLa cells in the biological medium DMEM with BSA for 
10 days at 37 °C in 5% CO 2 . As shown in  Figure    7  a, after incu-
bation for 2 days, most CDPNCs were enveloped. As the incu-
bation time was extended to 4 days, it was noted that reduction 
of CDPNCs was clearly displayed (Figure  7 b). When the incu-
bation time was further extended to 7 days, CDPNCs became 
less and less in the cells (Figure  7 c). So, a fascinating result was 
gained that CDPNCs could be biodegraded in the cells. Finally, 
to further verifying the result, we prolonged incubation time 

Adv. Funct. Mater. 2015, 25, 1193–1204

www.afm-journal.de
www.MaterialsViews.com

 Figure 3.    CLSM images of CDPNCs excited at 405 nm and collected at a) blue (430–480 nm), b) green (500–550 nm), and c) red (590–640 nm) chan-
nels. Scale bars are 1 µm. d) FL spectrum of CDPNCs powder dispersed in water excited at 405 nm.
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to 10 days and found that CDPNCs were very few and almost 
disappeared (Figure  7 d), suggesting that CDPNCs were indeed 
degraded in the cells. The enzymes in the cells played a crucial 
role in the biodegradation of the CDPNCs.    

  2.3.     Encapsulation and Enzyme-Responsive Release of Drug 
Molecule 

 The incorporation of multi-functional molecules in the self-
assemble units is benefi cial to improve their function. The 
CDPNCs exhibit an adaptive encapsulation property of small 
dye molecules. Water-soluble molecules including negatively 
charged Congo red (CR) and positively charged Methylene blue 
(MB) and water-insoluble Nile red (NR) were chosen as model 
molecules to assess their envelopment into the CDPNCs. The 
colored precipitates emerged at the bottom of the centrifuge 
tube when the bulky solution was treated by the ultracentrifuga-
tion and the supernatant kept colorless (Figure S9, Supporting 
Information), indicating these small dye molecules were suc-
cessfully enveloped into the CDPNCs. 

 As mentioned above, the CDPNCs could be loaded with 
small functional molecules and disassembled by enzymes at 

physiological pH values and in cells, which is expected that 
this property could be exploited for smart drug delivery. [ 25 ]  In 
our case, DOX, one of chemotherapeutic agents for cancer 
treatment, [ 3b , 26 ]  was selected as model drug. The DOX was 
loaded into CDPNCs by adding 1 mL of GA/DOX solution 
into 8 µL of CDP/HFP solution with 1 mg of CDP. Aging for 
24 h, the colored precipitates and the colorless supernatant 
( Figure    8  a) indicated the DOX molecules were successfully 
enveloped into the CDPNCs to form CDPNCs-DOX complex. 
It was further confi rmed by relevant ultraviolet-visible (UV–
Vis) spectra. The absorption peak at 485 nm in CDPNCs-DOX 
spectrum was evidently raised by comparison with that of pure 
CDPNCs with the same concentration (Figure  8 b). As shown in 
Figure  8 c, the amount of DOX encapsulation has a reliance on 
DOX concentration and the loading effi ciency arrives to more 
than 50% with an improvement of the DOX concentration. 
Moreover, the size of CDPNCs after loading with DOX is easily 
tuned through varying the concentration of DOX. As shown 
in Figure S10 (Supporting Information), the size of CDPNCs-
DOX gradually declines when the concentration of DOX is 
increased. The reason may be ascribed to the electrostatic 
repulsion interaction between CDP and DOX. Importantly, the 
kinetic DOX release profi les of CDPNCs-DOX were achieved at 
37 °C in PBS (pH 7.2) with and without tyrisin through moni-
toring the UV–Vis intensity of released DOX over time. As 
shown in Figure  8 d, one can see that the rate of DOX released 
from CDPNCs-DOX in PBS without tyrisin is very slow and 
the quantity of release is only about 12.7 ± 0.3% within 10 days 
(black curve). In contrast, the profi le obtained for the CDPNCs-
DOX incubated with tyrisin in PBS displays a faster DOX 
release at the same time, and the amount of release is increased 
to 75.3 ± 1.4%. A plausible reason for the remarkably increase 
of DOX release could be attributed to the enzyme-induced deg-
radation of CDPNCs-DOX at physiological pH condition.   

  2.4.     Drug Delivery in Cells In Vitro 

 CLSM was also employed to visually investigate the DOX 
release of CDPNCs-DOX in HeLa cells as a function of time 
by monitoring the strongly red fl uorescence signals of excited 
DOX. In this case, the blue nuclei were stained by Hoechst 
33342 excited by 405 nm laser and the red fl uorescent area 
represented CDPNCs-DOX excited by 559 nm laser. When the 
cells were incubated without the CDPNCs-DOX ( Figure    9  a), 
there were very little red fl uorescence in the cells. After incuba-
tion with CDPNCs-DOX for 24 h, one can see many CDPNCs-
DOX entered the cells and adhered to the nuclei. At this 
moment, the majority of cells were alive (Figure  9 b). More 
importantly, the bright red fl uorescence at both the cytoplasm 
and the nuclei verifi ed DOX released from the CDPNCs-DOX 
after the cellular uptake. As shown in Figure  9 c, after a fur-
ther culturing for 24 h, the red fl uorescence was continually 
increased at a DOX-rich site including the cytoplasm and the 
nuclei and overlapped the blue fl uorescence of nuclei to exhibit 
the pink fl uorescence of nuclei. Meanwhile, only a minority of 
surviving cells were left. Based on the results above, it could 
be proposed that after the CDPNCs-DOX are encapsulated 
through the endocytosis by cells, the release of DOX is induced 
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 Figure 4.    a) Turbidity of CDPNCs at different pH values. b) Size changes 
of CDPNCs over time in the DMEM with BSA after dispersing CDPNCs 
to DMEM.
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by the action of enzymes and then the released DOX have an 
accumulation in the cell nuclei, and fi nally result in the cancer 
cells death.   

  2.5.     Biocompatibility of CDPNCs and Highly Cytotoxicity Even at 
a Low Drug Concentration of Drug-Loaded CDPNCs 

 In order to evaluate the biocompatibility of CDPNCs and 
cytotoxicity of CDPNCs-DOX, the 3-(4,5-dimethylthia-
zolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay were 
carried out after their incubation with HeLa or COS-7 cells 
for different times. As shown in  Figure    10  a,b, almost 100% 
of both HeLa and the COS-7 cells were alive when the co-
cultured concentration of CDPNCs was about 50 µg/mL. 
When the concentration of CDPNCs was increased and 
the incubation time was prolonged, the cell viability stayed 
more than 90%. These results show that the CDPNCs are 
high biocompatibility and could be used as a potential mate-
rial for biomedical application in future. As a comparison, 
when CDPNCs-DOX with different concentration was incu-
bated with HeLa cells, the nanocomplexes showed obvious 
cytotoxicity. In detail, the cancer cells and CDPNCs-DOX 
were cultured for 48 h at equivalent DOX doses of 0.2, 0.4, 
0.6 and 0.8 µg/ml, respectively. As shown in Figure  10 c, the 
cell viability was notably reduced from 35% to 20% when 
raising the DOX concentration from 0.2 to 0.8 µg/mL, indi-
cating the concentration-dependent cytotoxicity of CDPNCs-
DOX. Meanwhile, the impact of incubation time on cell 
viability was investigated when DOX dose was fi xed at 
0.8µg/ml. Figure  10 d displayed a time-dependent cytotoxicity 
of CDPNCs-DOX and the cell viability obviously decreased 
from 81% (24 h) to 45% (36 h) and further to 20% (48 h). 
This result also confi rms that the DOX release from the 
CDPNCs-DOX after cellular internalization is a long-term 
process. Importantly, in contrast, the cells cultured with 
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 Figure 5.    TEM images of CDPNCs co-incubated with tyrisin in PBS (pH 7.2) at 37 °C for different times. a) 0, b) 1, c) 5, and d) 10 days.

 Figure 6.    A 3D CLSM image of HeLa cells was scanned along  z  to form 
 x–z  and  y–z  sections. The two yellow lines represent  x–z  (bottom) and  y–z  
(right) side views at a given z. Blue nuclei excited by 405 nm laser and 
green membrane excited by 488 nm laser were stained by Hoechst 33342 
and Alexa 488, respectively. Red dots are the CDPNCs with autofl uores-
cence excited by 559 nm laser.
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the equivalent dose of free DOX have a lower mortality rate 
than incubated with CDPNCs-DOX at the same incubation 
time. The possible reasons could be deduced as follows. 
On one hand, HeLa cells have a powerful resistance to free 
DOX at the very low concentration. [ 2b ]  On the other hand, 
the CDPNCs could protect DOX from consumption in the 
process of cell metabolism and extend the retention time 
of drug in the cells and then enhance cytotoxicity of DOX. 
Taken together, the CDPNCs possess excellent biocompat-
ibility for both cancer and normal cells. After uploading 
DOX, even at a very low concentration of drug, the nano-
complexes exhibit a high cytotoxicity against tumor cell pro-
liferation. It also means the amount of anticancer drug can 
be decreased to kill the same quantity of cancer cells, which 
is desirable for cancer therapy in vivo in future.    

  3.     Conclusions 

 In summary, we successfully obtained the monodisperse 
dipeptide-based nanocarriers with tunable size in a controlled 
manner through small-molecule-induced covalent assembly. 
They have shown the obvious autofl uorescence, high bio-
compatibility and excellent biodegradation. Such assembled 
structure is rather stable in water as well as in PBS (pH 7.2). 
Meanwhile, they can also be readily disassembled by tyrisin in 
PBS. Furthermore, the nanocarriers can be utilized to encapsu-
late and transport chemotherapeutic agents like DOX and the 
loading capacity can reach over 50%. With the in vitro experi-
ments, we found that the release kinetics of DOX in PBS (pH 
7.2) is a remarkably faster with the existence of tyrisin, com-
paring to that without tyrisin, indicating the enzyme-responsive 

 Figure 7.    CLSM images of CDPNCs degraded in HeLa cells over time. Blue nuclei excited by 405 nm laser and green membrane excited by 488 nm laser 
were stained by Hoechst 33342 and Alexa488, respectively. Red dots are CDPNCs excited by 559 nm laser. CDPNSs and HeLa cells were co-incubated 
for different times. a) 2, b) 4, c) 7, and d) 10 days. Scale bars are 10 µm. The intensity of 559 nm laser was fi xed and kept constant in all experiments.
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property. Correspondingly, the assembled CDPNCs-DOX has 
much higher effi ciency against tumor cell proliferation even at 
a very low concentration, compared with free DOX. We thus 
developed a new type of enzyme-responsive nanocarriers for 
the biomedical application in the treatment of cancer.  

  4.     Experimental Section 
  Materials : Cationic dipeptide (H-Phe-Phe-NH 2 ·HCl, CDP) was 

purchased from Bachem (Bubendorf, Switzerland). Glutaraldehyde 
(GA), 1,1,1,3,3,3-hexafl uoro-2-propanol (HFP), Hoechst 33342 and 
Nile red (NR) were purchased from Sigma-Aldrich. Phenylalanine (F), 
Congo red (CR), methylene blue (MB), sodium hydroxide (NaOH) 
and dimethyl sulfoxide (DMSO) were bought from Beijing Chemical 
Reagent Ltd, China. 3-(4,5-Dimethylthiazolyl-2)-2,5-dipheny tetrazolium 
bromide (MTT) was obtained from Amresco. Alexa Fluor 488 was 
bought from Molecular Probes Inc. Medium Dulbecco’s Modifi ed Eagle 
medium (DMEM) and bovine serum albumin (BSA) were purchased 
from Invitrogen. Doxorubicin (DOX) was bought from Aladdin. All the 
materials were commercially available and used directly without further 
purifi cation unless otherwise mentioned. The ultrapure water used in 
all experiments was prepared in a Milli-Q Plus 185 purifi cation system 
(Millipore) with a resistivity of 18.2 MΩ cm. 

  Preparation of Cationic Dipeptide Nanocarriers (CDPNCs) : The 
preparation of CDPNCs was typically performed as follows: 1 mg 
cationic dipeptide (CDP) was dissolved in 8 µL of 1,1,1,3,3,3-hexafl uoro-
2-propanol (HFP). Afterwards, 1 mL of 0.06% glutaraldehyde (GA) 
solutions was added. Aging for 24 h later, yellowish precipitates yielded. 

To eliminate the cytotoxic HFP and residual GA, the precipitates 
were centrifuged, washed three times using ultra-pure water and 
kept in Milli-Q water at room temperature for using in the following 
experiments. 

  Preparation of Phenylalanine Nanoparticles (FNPs) : The preparation of 
FNPs was typically performed as follows: 20 mg F was dissolved in 1 mL 
of ultra-pure water. Afterwards, 24 µL of 25% GA solutions was added. 
Aging for 12 h, yellow precipitates yielded. To eliminate residual GA, the 
precipitates were centrifuged, washed three times and kept in Milli-Q 
water at room temperature for the following experiments. 

  Microscopy : scanning electron microscopy (SEM) images were 
obtained by an S-4800 (HITACHI, Japan) with 10 kV accelerating voltage. 
For SEM sample, 5 µL of CDPNCs or CDPNCs-DOX suspension was 
placed onto silicon substrates and dried in vacuum. Transmission 
electron microscopy (TEM) were performed by a JEOL JEM-1011 
(100 kV) when a drop of sample was carefully picked up and applied 
to the carbon-coated copper grids and dried in vacuum. Cryo-TEM 
images were gained by a Tecnai Spirit 120 kV (100 kV) when the sample 
was placed onto the copper grids and freezed under liquid nitrogen 
condition. CLSM images were obtained by Olympus FV500 with 60× oil-
immersion objectives and a numerical aperture of 1.4. 

  Spectroscopy : Fourier transform infrared spectroscopy (FTIR) spectra 
were required on a Bruker EQUINOX 55/S Spectrophotometer through 
carefully placing samples onto CaF 2  pellets. X-ray photoelectron 
spectroscopy (XPS) spectra were performed by a VG ESCA-LAB 
220i-XL. A Bruker BIFLEX III mass spectrometer was employed to 
collect the matrix-assisted laser desorption/ionization time-of-fl ight 
mass spectrometry (MALDI-TOF-MS) in refl ector mode (α-cyano-4-
hydroxycinnamic acid was used as matrix for ionization of the sample). 
Thermogravimertric analysis (TGA) of CDPNCs was measured by a Pyris 
Diamond TG-DTA (Perkin-Elmer instrument). The samples were heated 

 Figure 8.    a) The photo images of CDPNCs and CDPNCs-DOX in pure water before (left) and after (right) loading with DOX. b) UV–Vis spectra of 
CDPNCs at the same concentration before (black curve) and after (red curve) loading with DOX. c) The encapsulated quantity of DOX by 1 mg of CDP 
under the different initial total amount of DOX in the 1 mL of solution. d) Cumulative quantitive analysis of DOX released from CDPNCs-DOX in pH 
7.2 PBS with and without tyrisin by UV–Vis spectra.
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from 45 to 500 °C at a constant rate of 5 °C min under a N 2  atmosphere. 
Before the TGA, the samples were dried under vacuum until constant 
weight. Fluorescence emission spectrum (FL) of CDPNCs in water was 
recorded by A Hitachi Model F-4500 spectrofl uorimeter. Ultraviolet-
visible spectra (UV–Vis) of all samples were recorded by a Hitachi 
U-3100 spectrophotometer. 

  Stability of CDPNCs Under Different Condition : The stability of 
CDPNCs to variation of environmental pH value was investigated by 
UV–Vis spectra and TEM measurements. When 0.1  M  NaOH was added 
into CDPNCs suspension by a step-wise fashion, the change in turbidity 
of the dispersion at a wavelength of 650 nm was recorded by UV–Vis 
spectra and the structures of CDPNCs at different pH were observed by 
TEM images. The stability was further assessed in cell culture medium 
by DLS measurements. After centrifuged, CDPNCs was kept in DMEM 
with the same volume for more than ten days and the hydrodynamic 
size of CDPNCs was monitored by DLS every day. 

  Drug Loaded by Cationic Dipeptide Nanocarriers and Enzyme-responsive 
Release  In Vitro : The incorporation of DOX into the CDPNCs through a 
co-precipitation method was typically carried out in detail described below: 
1 mg cationic dipeptide (CDP) was dissolved in 8 µL of 1,1,1,3,3,3-hexafl uoro-
2-propanol (HFP). Afterwards, 1 mL of 0.06% glutaraldehyde (GA) solutions 
with the different amount of DOX (0.1, 0.2, 0.3, 0.4, and 0.5 mg) was added. 
Aging for 24 h later, red precipitates (CDPNCs-DOX) yielded. To eliminate 
the cytotoxic HFP and residual GA and unloaded DOX, the precipitates 
were centrifuged, washed using ultra-pure water until the supernatant was 
colorless and then kept in Milli-Q water at room temperature for using 
in the following experiments. The amount of DOX loaded into CDPNCs 
was determined by UV–Vis spectra and the loading effi ciency (LE%) was 
calculated through the following equation:

 
LE%

amount of DOX in CDPNCs/
total amount of DOX in the initial solution 100%= ⎛

⎝⎜
⎞
⎠⎟ ×

  
(1)

 
 In vitro, the enzyme-responsive release of DOX from DOX-loaded 
CDPNCs was carried out in PBS (pH 7.2) with tyrisin and the release 
in PBS (pH 7.2) without tyrisin was used as the comparison. Firstly, 
the standard curve of DOX in PBS (pH 7.2) was generated according 
to the absorbance of DOX at 485 nm when the concentration of DOX 
was varied from 0.1 to 30 µg/mL (Figure S11, Supporting Information). 
Then, after centrifuged, the DOX-loaded CDPNCs were suspended into 
the 3 mL of tyrisin solution (2 mg/mL) and then the suspension was 
placed into the water bath with 37 °C. The release medium was taken out 
after centrifuged and was substituted for the fresh release medium with 
equivalent volume every 24 h. The release amount of DOX was assayed 
by UV–Vis spectroscopy based on the standard curve (Figure S11, 
Supporting Information) and the release experiments were performed in 
triplicate. 

  Cell Culture and Intracellular Biodegradation of CDPNCs : HeLa cells 
was employed for intracellular location and biodegradation of CDPNCs 
and the cells were cultured in DMEM medium with BSA (10%), penicillin 
(1%) and streptomycin at 37 °C in 5% CO 2  and 70% humidity. As the 
cells grew to 80% confl uence and then were washed by pH 7.2 PBS, 
trypsinized and reseeded into several 35 mm Petri dishes with fresh 
DMEM. After 24 h, to observe the biodegradation, 20 µL of CDPNCs 
(6 mg/mL) suspension was added to the Petri dishes and co-cultured 
with the cells for different time 2, 4, 7, and 10 days, respectively. After 
co-cultivation for 2 days, the residual CDPNCs were removed. Since that 
time, cell culture medium was substituted for fresh DMEM every day 
until imaged. 

 Figure 9.    CLSM images of drug release behavior of CDPNCs-DOX after cellular uptake at different time. Blue nuclei excited by 405 nm laser and green 
membrane excited by 488 nm laser were stained by Hoechst 33342 and Alexa 488, respectively. Red fl uorescenceis CDPNCs-DOX excited by 559 nm 
laser. CDPNCs and HeLa cells were co-incubated for different times. a) 0, b) 24, and c) 48 h. Scale bars are 10 µm. The intensity of 559 nm laser was 
fi xed and kept constant in all experiments.
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  Cytotoxicity Assay : The HeLa cells and COS-7 cells as canner 
cell and normal cell representative respectively, were used for the 
cytotoxicity research of CDPNCs. The cells were split into 96-well 
or 48-well plates through a standard tyrisin-based technique. After 
24 h, CDPNCs was added to the per-well to co-culture with the cells 
and the concentration of CDPNCs was 0, 50, 100, 150, 200, 250, and 
300 µg/mL in the different wells on the same plate, respectively. 
Co-incubation for different times 2, 4, 7, and 10 days, MTT (20 µL, 
5 mg/mL) in PBS was added to every well and incubated with cells 
for 4 h at 37 °C in 5% CO 2 . Then, the culture medium with MTT was 
replaced by DMSO to dissolve the purple formazan crystals produced 
through interaction between the living cells and MTT. The absorbance 
at a wavelength of 490 nm was measured by a wallac 1420 multilabel 
counter. Next, The HeLa cells were selected for the cytotoxicity study 
of CDPNCs-DOX. When the cells were split into 96-well and cultured 
for 24 h, free DOX and CDPNCs-DOX with the same concentration of 
DOX were added into the different well on the same plate. Then, the 
cytotoxicity results were obtained through the above method after 24, 
36, and 48 h.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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