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Abstract

The effective delivery of therapeutics and imaging agents to a selected group of cells has been at 

the forefront of biomedical research. Unfortunately, the identification of the unique cell surface 

targets for cell selection remains a major challenge, particularly if cells within the selected group 

are not identical. Here we demonstrate a novel approach to cell section relying on a thermo-

responsive peptide-based nanocarrier. The hybrid peptide containing cell-penetrating peptide 

(CPP) and collagen (COLL) domains is designed to undergo coil-to-helix transition (folding) 

below physiological temperature. Since only helical form undergoes effective internalization by 

the cells, this approach allows effective temperature-discriminate cellular uptake. The cells 

selected for uptake are locally cooled down thus enabling the carrier to fold and subsequently 

internalize. Our approach demonstrates a generic method as selected cells could differ from the 

adjacent cells or could belong to the same cell population. The method is fast (< 15 min) and 

selective; over 99.6% of cells in vitro internalized the peptide carrier at low temperatures (15°C), 

while less than 0.2% internalized at 37°C. In vivo results confirm the high selectivity of the 

method. The potential clinical applications in mixed cell differentiation carcinoma, most 

frequently encountered in breast and ovarian cancer, are envisioned.

The idea of targeting specific cells for drug delivery and imaging was proposed over 40 

years ago.1 While multiple potential targeting moieties have been discovered (antibodies, 

aptamers, small protein and peptide scaffolds, and small molecule ligands), the development 

of the viable, unique targets for cancer cells has been a major challenge.2–7 Molecular 

targeting approaches for cancer treatment are of limited utility in selecting for cancerous 

populations because the targets are, invariably, also expressed by healthy host cells.8–14 For 

example HER2, one of the best currently known targetable cell surface receptor in breast 

cancer, is overexpressed only twice in cancer cells with comparison to healthy cells.8,15 The 

variability of cancer cells patient-to-patient and between different stages of the disease, and 

the need for sufficient number of receptors to be present on the cell surface in order to 
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facilitate receptor-mediated endocytosis of therapeutic amount of cytotoxic agents further 

complicates the molecular targeting startegies.3,16,17 Moreover, the histology of the cells 

within a single tumor can vary significantly as observed, for example, in cases of mixed cell 

differentiation carcinoma in breast and ovarian cancers.18,19

In an effort to overcome difficulties in identifying the specific cell surface receptors for drug 

delivery, the physicochemical approaches were also explored. The pH and, to smaller extent, 

temperature stimuli were both employed in the past in cell selection.20 Some tumors 

generate lower pH in their surrounding (6.5 versus 7.4). This can be used as a trigger in 

carrier disintegration at lower pH resulting in cargo delivery.20–22 Hyperthermia, locally 

induced increase in temperature (40–45°C), was also used to initiate the release of cargo 

from liposomes and polymer-based carriers at tumor site.23–25 Unfortunately neither of these 

methods can be considered generic, and both methods suffer from low selectivity.

There are several generic methods exploiting the increased metabolic activity of malignant 

cells versus healthy cells. These methods avoid problems associated with identification of 

specific receptor targets. Tumor imaging with 2-deoxy-2-(18F)fluoro-D-glucose in positron 

emission tomography (PET) is current clinical standard in tumor detection.26 Recently a new 

generic method employing optical sensing via smart plasmonic glucose nanosensors was 

demonstrated in vitro.27 However many malignancies that belong to the family of mucous 

neoplasm can’t be targeted via glucose metabolism, because their metabolism is only 

slightly elevated in comparison with healthy cells.28

Here, we describe a new generic method of cell selection. This method does not rely on 

molecular targets. Instead, by employing a simple thermoresponsive delivery system, the cell 

selection process is controlled by externally-induced temperature difference between the 

targeted cells and the adjacent cells. The selected cells could differ from the adjacent cells or 

belong to the same cell population. The proposed nanocarrier is a short peptide adopting 

inactive coil conformation (unfolded) at HIGH (physiological) temperature and a helix 

conformation (folded) at LOW temperature. The peptide in a helix conformation is able to 

penetrate cell membranes and deliver a cargo (fluorescent tag).

The key to this method is a nanocarrier adapting two structurally distinctive states (ON/OFF) 

depending on temperature. It is known that collagen peptides fold reversibly into triple helix 

and the folding temperature depends on the sequence. Recently, we demonstrated that hybrid 

peptides containing cell-penetrating peptides (multiple Arginines; CPP) and sequences 

characteristic for collagen ((Proline-Hydroxyproline-Glycine)n; COLL) can penetrate the 

cellular membrane when folded into a triple helical conformation. The randomly coiled 

conformation results in little or no penetration.29 The collagen domain of the peptide 

controls folding, while the CPP domain affords internalization.29,30 The family of hybrid 

COLL/CPP peptides have many characteristics of efficient drug carriers:they are composed 

of non-cytotoxic peptide monomers, have ideal shape and size (rigid-rods nanoparticles, 1.4 

nm diameter and 7.6 nm length when folded), and can be easily modified via peptide 

chemistry.29 In previous studies, we also found that the hybrid COLL/CPP peptides are 

resistant to enzymatic serum digestion.29 In this report we describe new COLL/CPP hybrid 

peptides designed for efficient temperature-discriminate cellular uptake. We also 
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demonstrate in-vitro and in-vivo target-free temperature-based cell selection and delivery of 

molecular cargo (FITC Tag).

In view of future applications, a temperature-based method seems to be well suited for 

generic cell selection. Although, for the whole body, even small deviations from 

physiological temperature (36.6 °C) can cause irreversible changes or death, local 

temperature changes are well tolerated31–33 Local temperature control has been successfully 

employed in medical treatments. For example locally-induced hypothermia is routinely used 

to decrees swelling and to lower clotting threshold in treatment of physical body 

trauma.34–37

EXPERIMENTAL SECTION

Peptides

All peptides were purchased from the Tufts University Core Facility (solid support synthesis 

and HPLC purification) modified with fluorescein isothiocyanate (FITC; excitation 

wavelength (EX) = 494 nm, emission wavelength (EM) = 521 nm) at the N-terminus via a β-

alanine–glycine–glycine linker.

Circular Dichroism Spectroscopy

Circular dichroism (CD) measurements were performed using a JASCO J-810 

spectropolarimeter (JASCO Inc., Easton, MD, USA) equipped with a Peltier temperature 

control system containing a quartz cell (path length 0.2 cm). Prior to each measurement, the 

peptides were thermally annealed: peptide solutions in water (2 × 10−7 M) were pre-heated 

at 80 °C for 5 min and slowly cooled to 4 °C, then incubated for 24 h. The peptide solutions 

were transferred to a CD cell and equilibrated for 30 min at 37 °C. A scan speed of 50 

nm/min was used, and four scans per sample were acquired. A reference spectrum 

containing deionized water was subtracted from the final peptide spectrum.

Thermal unfolding curves were obtained by monitoring the decrease in ellipticity in a 25–

80 °C temperature range (dependent on the peptide) at a wavelength where the CD spectra 

show a positive maximum (224 nm) at a heating rate of 10 °C/h. The derivative of the 

plotted unfolding curve was calculated using the JASCO Spectra Manager II software 

(JASCO Inc.). The minimum of the derivative indicates the steepest slope of the unfolding 

process and determines the helix-to-coil transition temperature (Tm) under the described 

conditions. All experiments were performed in duplicate or triplicate.

Cell Culture and Cellular Uptake

NIH-3T3 Swiss mice fibroblasts were purchased from ATCC and cultured according to 

provided protocols. Briefly, the cells were cultured in complete media: Dulbecco’s modified 

Eagle’s medium (Mediatech Inc.), 10% fetal bovine serum (Cellgrow), 100-U⁄mL penicillin 

(Fisher Scientific); and 0.1-mg⁄ml streptomycin (Fisher Scientific). Passages 3–10 were used 

for all experiments.

Peptide uptake studies were performed by dissolving the given peptide in phosphate-

buffered saline (PBS; pH = 7.4; Fisher Scientific) and incubating cells (90% confluence) 
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with the peptide for variable times (5–120 min) and temperatures (4, 15, 37 °C). 

Subsequently, cells were washed three times and examined with microscopy or flow 

cytometry.

Animal Material

All in vivo experiments were performed with Pristina leidyi (Carolina biological Supply sold 

as Stylaria) maintained as previously described in artificial spring water.38,39 Before each 

experiment animals were collected from growing cultures placed in the separate container in 

freshly prepared spring water (1% artificial sea water) and anesthetized with 8% ethanol. 

Animals were incubated with peptide carriers for 15 min at 19 °C or 37 °C, washed several 

times with PBS and imaged with the microscope (confocal or fluorescence). Once ethanol is 

removed from the media animals regain mobility within 30 min. The animals were observed 

for additional 36 h to ensure lack of peptide toxicity. When P. leidyi was subjected to 

temperature gradient, it was first immobilized in 4% agar gel in spring water (about 3 mm 

thickness). The gels were cut and inverted to expose the specimen to peptide solution; the 

remaining of the protocol was the same as outlined above.

Microscopy

Cells were imaged using a confocal microscope (Olympus FluoView) and an inverted 

fluorescent microscope (Nikon TE2000). 3T3 Swiss mice fibroblasts were seeded at a 

density of 50,000 cells/mL in complete media in 35-mm Petri dishes with No. 1.5 coverslip 

as a bottom (MatTek Corporation, Ashland, MA, USA) and incubated overnight. Cells were 

incubated with peptides in PBS (0.1–100 μM) for up to 120 min. After incubation, cells 

were washed three times with fresh PBS. The cells were imaged immediately following 

treatment.

Flow Cytometry

NIH-3T3 Swiss mice fibroblast cells were used for flow cytometry assays. Cells were grown 

to 90% confluency and incubated with peptides for 15 min at 15 or 37 °C. After the 

incubation period, cells were washed three times with cold PBS, trypsinized, and then 

resuspended in PBS containing 0.1% Bovine Serum Albumin. Cells (10–80k/sample) were 

analyzed using flow cytometry (Cell Lab Quanta SC-MPL, Beckman Coulter, Inc., Brea, 

CA, USA) to quantify the cellular uptake of the peptides.

Temperature gradient device

The 2D temperature gradient was generated across the flat area constructed by inserting 

polyethylene window into two aluminum (Spellbinders, 30 gauge) compartments (Figure 

S1). The size of the device is 2×4.5 cm, large enough to place the cell culture on top. The 

cooling/heating mechanism is based on pumping cold and hot water into the two 

compartments connected with tubing (Tygon R-3603) to two water pumps (Aquascape XS 

70 GPH). The temperature of circulating water was 0°C and 45°C. The spatial temperature 

distribution (Figure S2) on the top of the device was measured with infrared thermometer 

gun (Visual IR Thermometer, Fluke VT02).
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RESULTS AND DISCUSSION

We have previously demonstrated that only folded forms of COLL/CPP peptides are able to 

penetrate the cell membrane.29 In this report we describe a new generic cell selection 

method based on induced temperature difference between the selected cells and adjacent 

cells. The emphasis of the current work was placed on the modification of the peptide 

sequence allowing highly efficient temperature-discriminate cellular uptake, and therefore 

cell selection.

We first report Circular Dichroism studies of hybrid peptide nanocarriers yielding 

temperature dependent folding characteristics, we then discusses temperature dependent 

uptake studies in vitro (NIH 3T3 Swiss mouse fibroblasts) and in vivo using fresh water 

worm as animal model (Pristina Leidyi).

Thermo-responsive peptides

The sequence of FL8V1, a hybrid peptide nanocarrier studied previously,29 was modified to 

lower the folding temperature below physiological temperature (37°C). Table 1 shows 

sequences of peptides designed to adopt an inactive, random coil conformation in 

physiological conditions while undergoing coil-to-helix transition at lower temperatures. 

The coil-to-helix transition results in triple helix conformation leading to formation of 

nanoparticle carrier able to penetrate the cell membrane (Scheme 1). In this design the 

peptide nanocarrier can be internalized by the cell (ON switch) in triple helical form while it 

is not internalized (OFF switch) in the random coil form. In the proof-of-concept 

experiment, the peptide nanocarriers were modified with a fluorescein (FITC) tag that serves 

as an example of molecular cargo and at the same time enables monitoring of cellular 

uptake.

To accomplish the scheme outlined above the sequence of previously studied hybrid peptide 

FL8V1 was truncated to form new peptide nanocarriers FL7V1 and FL6V1. All studied 

nanocarriers: FL8V1 (control), FL7V1, and FL6V1 (new nanocarriers) were synthesized, 

purified and their sequence confirmed (MS, HPLC) by Tufts University Core Facility. To 

monitor the helix-to-coil transition (unfolding), the decrease in molar ellipticity at 224 nm, 

characteristic of a triple helix conformation (positive nπ* transition), was measured with 

Circular Dichroism Spectroscopy (Figure 1).40 The transition temperature (Tm) was 

calculated as a minimum of the first derivative of molar ellipticity (Table 1). The Tm of 

FL8V1 nanocarrier was determined to be 48.8°C. Thus, the peptide persists in solution in the 

folded conformation at 37°C; FF@37=0.90, where FF is the folded fraction of peptide 

defined as:41

(1)

and CDx represents molar ellipticity measured at 224 nm. We used Brodsky model of 

sequence-dependent thermal stability to design the peptide sequence in order to achieve 

efficient temperature-discriminate cellular uptake based on temperature dependent folding 
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into nanoparticle. Based on this model, we expected the Tm to fall to about 25 °C for FL7V1 

and to about 18 °C for FL6V1.42,43 Truncation of the COLL domain of the FL8V1 

nanocarrier sequence by one (FL7V1) and two (FL6V1) POG repeat units, results in the 

peptide Tm drop to 17.2 °C and 15.3 °C, respectively. Therefore both FL7V1 and FL6V1 

nanocarriers persist in a random coil conformation at physiological conditions.

In both instances, the difference between the predicted (Brodsky model) and experimental 

value of Tm was unexpectedly large. It was reported that some of the experimental Tm and 

predicted Tm in the model vary by as much as 13 °C, particularly if the sequence contains 

multiple arginine and lysine residues.42,43 Clearly, the presence of multiple arginines in 

close proximity (CPP domain) induces strong repulsion between the folded strands. 

Moreover, comparing FL7V1 and FL8V1 nanocarriers, the addition of a single POG 

sequence has a dramatic effect in structural stabilization of peptide, while truncating FL7V1 

to FL6V1 by single POG sequence has very small effect on peptide Tm. These differences 

indicate the presence of strong cooperative effects in folding stabilization of nanocarrier. 

Because the effect is based on cooperation the temperature dependence of folding/unfolding 

process is affected: to fully unfold the FL8V1 the temperature difference between Tm and 

fully unfolded state is over 20°C, while in the case of FL6V1 and FL7V1, it only takes about 

10°C (Figure 1) in the same conditions. This suggests that nanocarriers FL6V1 and FL7V1 

are well suited to thermally discriminate the delivery of molecular cargo to cells.

Peptide nanocarrier uptake studies in vitro

While our previous studies concluded that peptide nanocarrier is able to translocate across 

cellular membrane carrying molecular cargo (FITC tag) in folded conformation only, 

thermally controlled delivery was not considered.29 Lowering the temperature from 

physiological value affects not only peptide folding, but also the effectiveness of nanocarrier 

cellular uptake due to changes induced in the cell membrane.

When we consider the general mechanism of cellular uptake of CPP, the number of positive 

charges present in the sequence is a main factor allowing the CPP to cross the cell 

membrane. In the unfolded state (coil conformation) the four arginine residues present 

within the CPP domain of FL6V1 and FL7V1 peptides do not carry sufficiently positive 

charge to translocate across the membrane, what is consistent with other CPPs.44,45 Once 

folded into nanocarrier (helix conformation) the number of arginine residues is increased to 

twelve per peptide (Scheme 1) resulting in cellular uptake.

Internalization studies using the FITC-conjugated nanocarriers at and below physiological 

temperature were performed in NIH 3T3 Swiss mouse fibroblasts cells. The cells were 

treated across a range of peptide carrier concentrations (5–75 μM), incubation temperatures 

(4–37 °C), and incubation times (5–120 min) (Figure S3–S6). The images were acquired 

using confocal microscopy (excitation 488 nm, Figure 2). At physiological temperature 

(37 °C) the fluorescence is observed only in cells exposed to FL8V1 nanocarrier. The 

fluorescence is dim because in order to preserve viability of the cells we have used very low 

laser power for excitation (488nm). None of the cells exhibited auto-fluorescence (Figure 

2d,f) consistent with previously published results.29 The first visible fluorescent cells are 

observed after about 7 min of exposure. On the other hand FL7V1 and FL6V1 peptide 
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nanocarriers (for both peptide nanocarriers Tm<20°C) are not internalized into the cells at 

37 °C for up to 2h of incubation time. At an incubation temperature of 15 °C (below Tm for 

all peptide nanocarriers), fluorescence was detected after exposure to all three nanocarriers. 

For all conditions, the fluorescence signal is observed within cell cytoplasm, as previously 

shown for tagged peptides that carry an RRGRRG sequence in the CPP domain.29 If the 

desired location of peptide carrier is nucleus, the CPP domain can be altered to R6, what 

causes accumulation of peptide in the nuclear bodies that contain high concentration of 

nucleic acids.29

The molecular pathways of cellular uptake of CPP-related peptides are widely discussed and 

there is no consensus which pathway dominates the uptake, and if the pathway is sequence 

specific.44,45 However, majority of available pathways are dependent on the endosome 

formation that requires ATP, thus all those pathways would be strongly affected by low 

temperature conditions. Therefore we investigated peptide nanocarrier uptake under 

conditions that significantly limit transport mechanisms that require ATP by incubating the 

cells with peptides at 4 °C.46–47 We observed cytoplasmic fluorescence in cells incubated 

with nanocarriers at 4 °C, however, the number of cells exhibiting fluorescence was less than 

at 15 °C. The reduced, but still significant, peptide internalization at 4 °C demonstrates that 

ATP-dependent translocation is not necessary for internalization of studied nanocarriers and 

direct translocation is sufficient to accomplish cellular uptake (Figure S7).

In view of possible future applications of peptide nanocarriers in vivo the bioavailability has 

to be considered. Many of the short peptides suffer from the fast clearing process through 

the renal pathway, thus limiting the peptide circulation time to 15–30 min and ultimately 

resulting in decreased bioavailability. The nanocarriers presented here show effective 

cellular internalization process within 15 min of peptide incubation with cells(most peptides 

from CPP family will be effectively delivered within 1–3h). This fast internalization raises 

hopes that the studied system could be used in the future in vivo applications.

Although the microscopy studies of hybrid peptide nanocarriers uptake at different 

temperatures result in carrier localization information, one can observe at most tens of cells 

at the time. In order for the temperature to be considered as a differentiation factor for cell 

selection, there has to be a well-defined difference in the nanocarrier uptake at different 

temperatures for the entire cell population. We analyzed the cell populations (10,000 – 

80,000) with flow cytometry. The protocol of cell incubation with peptides was identical to 

cells imaged with microscope. As expected, there are no dramatic differences in the cellular 

internalization of FL8V1 nanocarrier, 69% of cells at 15 °C compared to 81% of cells at 

37 °C. However, when incubated with FL6V1 nanocarrier, over 99.6% of cells at 15 °C 

internalized the peptide, while only 0.2% of cells at 37 °C were able to uptake the 

nanocarrier (Figure 3). Based on these results, we concluded that FL6V1 nanocarrier could 

be utilized in the molecular cargo delivery to thermally selected cells.

To test the limits of the switch-like (ON/OFF) uptake of the FL6V1 nanocarrier we 

thermally selected a small number of cells from a larger population of the same cells. To 

technically accomplish the selection, we designed a simple device to vary the temperature 

within a small area, and monitored the population of cells exposed to the temperature 
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gradient (4–40 °C). The details of the device design are described in supplemental materials 

(Figure S1, S2). The spatial distribution of temperatures was achieved within 2 cm and 

measured with infrared thermal gun. 3T3 fibroblast cells were seeded on the cover slip and 

subjected to temperature gradient. The device was placed in the incubator and the peptide 

nanocarrier was delivered in the fully unfolded state (annealed directly before addition to 

cell culture). After 15 min the cells were washed and imaged with inverted fluorescent 

microscope (Figure 4). At temperatures below 20 °C, fluorescence is observed, and it 

appears that the internalization of FL6V1 is very effective. Although the Tm of FL6V1 was 

determined to be 15.3 °C, there is still visible, but small, uptake of nanocarrier at 24 °C 

(FF@24=0.08), though almost no uptake at 28 °C (FF@28=0.02). The cells located within 

areas with temperatures above 30 °C do not appear fluorescent, and are concluded not to 

uptake the nanocarrier. By spatially controlling the temperature across the device, we 

effectively direct the delivery of FITC tag with hybrid peptide nanocarrier to selected cells. 

Because there is a soft transition in ON/OFF behavior of FL6V1 temperature dependent 

uptake (between 20 °C and 30 °C), the spatial cell selection for uptake can be improved by 

generating a sharper temperature gradient. Our device generates a temperature gradient of 

24 °C/cm, thus the objects (i.e. clusters of cells) larger than ~600 μm can be thermally 

selected for uptake.

Peptide nanocarrier uptake studies in vivo

Since the in vitro results reported above were very encouraging we next performed in vivo 
testing using Pristina leidyi (P. leidyi) as an animal model (the anatomy is described in 

Zattara et al.) uptake.39 P. leidyi is a fresh water worm, typically 2–4 mm long and 0.15–

0.20 mm in diameter. The body wall epidermis consists of single layer epidermal cells 

positioned on top of two layers of body wall muscles. The epidermal cells secrete very thin 

layer of cuticle that coats the skin. P. leidyi was chosen as the in vivo model because it is 

easy to obtain, culture, and it is transparent, affording convenient analysis by microscopy.

P.leidyi was anesthetized and incubated with the peptide nanocarrier (FL7V1, 15 μM) for 15 

min at various temperatures. After the incubation, the specimen were washed with PBS 

several times and imaged by confocal microscopy (Figure 5). The images of samples at 

19 °C and 37 °C with no peptide present during incubation (Figure 5a–c, g–i) show the auto-

fluorescence localized in coelomocytes granules (inner body) and chaetae (bristles), possibly 

from high concentration of riboflavin. This is consistent with the literature observations.38,39 

The animals exposed to FL7V1 nanocarrier at 37 °C (Figure 5d–f) show no differences 

when compared to the control animals. Specimens exposed to FL7V1 nanocarrier at 19 °C 

exhibit strong fluorescence localized within the skin of the animal (indicated by arrows in 

Figure 5j–l). From the observed fluorescence, we concluded that there is a significant uptake 

of nanocarriers by the epidermal cells. Judging by the intensity of the fluorescence the 

uptake of nanocarriers seems very effective. We confirmed that the fluorescence was present 

throughout the entire body wall by imaging P. leidyi with fluorescent microscopy (Figure 6). 

We confirmed that cells across the body wall undergo peptide internalization to similar 

extent. We also observed that the auto-fluorescence originating from coelomocytes is present 

in the control animal (Figure 6b) and it is not related to fluorescence from FL7V1 

nanocarrier. The auto-fluorescence intensity originating from coelomocytes (Figure 6b) 
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depends on their position with respect to the focal plane. A very bright image is observed for 

coelomocytes positioned in the focal plane, while reduced fluorescence intensity is seen for 

coelomocytes positioned in the focal view but not the focal plane. In order to compare the 

relative intensities of coelomocytes’ auto-fluorescence for worms exposed to peptide and the 

control animal, confocal images must be used. For those images (Figure 5h, k) the intensity 

of fluorescence from coelomocytes is similar for the sample and the control, and the skin 

exhibits very bright fluorescence after exposure to peptide carriers.

The animals were subsequently observed for 36 h and remain mobile without any adverse 

effects detected. The fluorescence from the skin persisted during observation time. These 

results suggest that the nanocarriers were localized within the epidermal cells. If FL7V1 

nanocarriers have been localized within the cuticle, but not uptaken by the epidermal cells, 

the nanocarrier would have been either present within the skin at both tested temperatures 

(19 °C and 37 °C) or removed during the post experimental washing at both temperatures.

The cell selection in vivo was performed by positioning P. leidyi within the temperature 

gradient where part of the animal was exposed to cold and part to warm temperatures. The 

animal was immobilized by “sandwich” coating in 4% agar gel (about 3 mm thick) to 

prevent movements. After 15 min of incubation with FL7V1 nanocarrier, the animals were 

removed from the gel, washed and imaged under fluorescent microscope (Figure 7). The 

comparison were in plane, thus the intensity of the fluorescence is representative throughout 

the image. The thermally selected epidermal cells (cold) show intense fluorescence from 

nanocarrier. The auto fluorescence from coelomocytes was well visible in the FITC images 

of animals exposed to FL7V1 nanocarrier (Figure 7 a,b), as well as for those with no 

nanocarrier (control) present during incubation (Figure 7 c,d). The area of the animal that 

was exposed to temperatures above 28 °C (NOT selected) shows very little fluorescence 

from the epidermal cells, thus we concluded that there was very little FL7V1 nanocarrier 

uptake at higher temperatures.

Both in vitro and in vivo results point to the same conclusion that by controlling the 

temperature within the specimen (either cell culture or animal) the cells can be thermally 

selected for uptake. When exposed to temperatures above 28 °C cells are unable to uptake 

significant amounts of thermo-responsive peptide carriers FL6V1 and FL7V1 (OFF switch), 

while the cells exposed to lower temperatures show significant nanocarrier uptake (ON 

switch).

In this report we presented a general idea of thermally controlled cellular uptake. The 

described peptide carrier has Tm equal to 15°C, but there is still visible uptake to the cells at 

24°C (Figure 4), while no uptake at 28°C. Taking physiological conditions into account, the 

peptide carrier should show lack of uptake at 31°C (peripheral body temperature), and 

uptake at slightly lower temperature. Assuming that ON/OFF uptake depends on ΔT= 4°C in 

our case, the ideal “ON” temperature could be as high as 27°C. This temperature is low for 

whole body therapeutic hypothermia, but appears manageable in case of local, small area 

cooling, especially that this low temperature will be required for a short period of time (<30 

min). Thus the reported peptide might have potential applications in clinical setting. 
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Moreover, relatively small changes in the peptide sequence could allow efficient peptide 

carrier uptake at temperatures more convenient for clinical applications.

CONCLUSIONS

In this work, we have developed a generic, targeting-free method of effective cell selection 

using temperature-responsive peptide nanocarriers. The nanocarriers belong to the family of 

hybrid peptides, composed of collagen and cell-penetrating domains and are capable of 

discriminating delivery to identical cells using local thermal control both in vitro and in 
vivo. Unlike other reported thermo-responsive systems based on the premise of polymer 

swelling at locally higher temperature and releasing the cargo, our system is activated at low 

temperatures. The selectivity can be potentially further enhanced by improving spatial 

resolution of temperature gradient used for cell selection. Additionally, the cellular uptake is 

very fast and can be accomplished under 15 minutes. This fast uptake is encouraging in view 

of future clinical applications, where fast renal clearance of short peptides often prevents 

their therapeutic applications by lowering their bioavailability. Moreover, the peptides are 

non-cytotoxic and can be easily modified to include various cargos by simply exchanging 

one (or several) amino acids to lysine or cysteine and employ it as convenient modification 

site. We are currently working on bioconjugation of Paclitaxel to peptide carrier and 

measuring the prodrug potency on multiple cancer cell lines.

The development of the targeting-free methods of cell selection for drug delivery should be 

explored further in view of potential applications in mixed cell differentiation carcinoma 

encountered in breast and ovarian cancers. These types of cancer often exhibit variability in 

gene expression in cells that are located within the tumor. The difference in gene expression 

can lead to differences in physiological properties of the cells, which in turn can result in 

different drug sensitivity profiles. We envision that the described method has a potential of 

selecting all types of cancer cells within the tumor, even if the cells are not identical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Molar ellipticity at 224 nm (solid line) of (a) FL8V1, (b) FL7V1, and (c) FL6V1, and first 

derivative (dotted curve). Thermal unfolding shows that the peak (224nm) is eliminated in a 

cooperative transition what indicates the helix-to-coil transition.
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Figure 2. 
Confocal microscopy images of 3T3 mouse fibroblasts incubated for 15 min with FL6V1, 

FL7V1 and FL8V1 peptide nanocarrier (15μM) at 37 °C (panel 1) and 15 °C (panel 2); bar 

represents 20 μm.
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Figure 3. 
Flow cytometry of NIH 3T3 Swiss mouse fibroblasts incubated for 15 min with FL6V1 at 

15 °C and 37 °C.
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Figure 4. 
Fluorescence (a–d) and bright-field (e–h) images of NIH 3T3 fibroblasts subjected to 

temperature gradient and incubated with FL6V1 for 15 min; bar represents 50 μm.
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Figure 5. 
Confocal microscopy images of Pristina leidyi incubated for 15 min with FL7V1 peptide at 

37°C (a–f) and 19 °C (g–l); (k, l) arrows indicate FL7V1internalization; bar represents 100 

μm; control experiments were performed with no peptide present.
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Figure 6. 
Fluorescent microscopy image of Pristina leidyi (a) incubated with FL7V1 for 15 min at 

19 °C and (b) control, no peptide present; bar represents 200 μm.
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Figure 7. 
Fluorescence and bright field images of Pristina leidyi subjected to temperature gradient 

(indicated in color) and (a,b) incubated with FL6V1 for 15 min, (c,d) control, no peptide 

present; bar represents 200μm.
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Scheme 1. 
Scheme of hybrid peptide domains and reversible thermal folding. FITC (fluorescein tag), 

COLL (collagen folding domain), CPP (cell penetrating peptide domain).
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Table 1

Peptide nanocarrier sequences. “O” stands for hydroxyproline. FF is peptide folded fraction calculated from 

CD.41

Peptide Sequence Tm (°C) FF @ 37 °C Conformation@ 37 °C

FL8V1 FITC-AβGG-(POG)8-RRGRRG 48.8 0.90 Triple helix

FL7V1 FITC-AβGG-(POG)7-RRGRRG 17.2 — Random coil

FL6V1 FITC-AβGG-(POG)6-RRGRRG 15.3 — Random coil
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