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Abstract 

Background & Aims: Cholecystokinin (CCK) is a major gastrointestinal peptide 

hormone which is released postprandially from the small intestine and which exerts 

marked effects on gallbladder and gastrointestinal motility. The smaller isoforms 

CCK-8 and CCK-4 are rapidly taken up into hepatocytes, metabolized and excreted 

into bile. Our aim was to identify and characterize the hepatocellular CCK-8 uptake 

system. Methods: CCK-8 uptake was measured in X. laevis oocytes expressing the 

organic anion transporting polypeptides of rat (Oatp1, Oatp2, Oatp3 or Oatp4) and 

human liver (OATP-A, OATP-B, OATP-C or OATP8), and in primary cultured rat 

hepatocytes. Results: Rat Oatp4 and human OATP8 efficiently mediated CCK-8 

uptake in oocytes, with Km values of 14.9  2.9 M and 11.1  2.9 M, respectively. 

CCK-8 uptake by hepatocytes was also saturable, with a Km of 6.7 ± 2.1 M. The 

Km value in rat hepatocytes is consistent with Oatp4 mediated transport. 

Conclusion: CCK-8 is selectively transported by rat Oatp4 and human OATP8, both 

of which are exclusively expressed at the basolateral membrane of hepatocytes. 

These two transporters are the first and probably the predominant hepatic uptake 

systems for CCK-8 and may be critical for the rapid clearance of this hormone from 

the circulation. 
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Introduction 

Cholecystokinin (CCK) is a gastrointestinal peptide hormone with a wide range of 

biological activities. CCK is released postprandially from the intestinal wall and 

stimulates gallbladder contraction, the release of pancreatic enzymes and intestinal 

motility 1. Gastric emptying is delayed by CCK 2, whereas CCK-A receptor blockade 

accelerates gastric emptying 3. Among the various CCK isoforms the sulfated C-

terminal octapeptide (CCK-8) has repeatedly been reported to be biologically more 

active than CCK-39 or CCK-33 4-9, but other studies indicate that CCK-8 is not more 

potent than its larger analogues 10-12. Although CCK-8 shows no metabolic effect on 

hepatocytes it is efficiently taken up from portal blood into liver cells 13,14, where it is 

rapidly metabolized and finally excreted into bile 15. 

 

To date little is known about the molecular mechanism of hepatocellular CCK-8 

uptake. The existence of an efficient, highly specific and saturable transport system 

has been postulated and it has been shown that hepatic CCK-8 uptake is sodium-

independent and can be inhibited by DIDS, the organic anion bromosulphophthalein 

(BSP) and the bile salt taurocholate 14,16. These transport characteristics are typical 

for the organic anion transporting polypeptides (Oatps in rodents and OATPs in 

man), a family of plasma membrane carriers which are classified as SLC21A within 

the gene superfamily of solute carriers (Human Gene Nomenclature Committee 

Database). Oatps/OATPs are multispecific transporters that mediate the hepatic 

uptake of numerous amphipathic albumin bound compounds including bile salts, 

organic anions (e.g. BSP), conjugated steroids, eicosanoids, cardiac glycosides (e.g. 

ouabain and digoxin) and thyroid hormones. Interestingly, the Oatps/OATPs have 

also been shown to transport certain oligopeptides and peptidomimetic drugs, 
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including the thrombin inhibitor CRC 220 17,18, the opioid peptides [D-

penicillamine2,5]enkephalin (DPDPE) and deltorphin II, and the cyclic endothelin 

antagonist BQ-123 19-21. 

 

Recently, a new liver specific Oatp/OATP subfamily has been identified that is 

expressed exclusively at the basolateral membrane of hepatocytes. The human 

OATP-C (SLC21A6) is also termed “liver-specific transporter 1” (LST-1) or OATP2 22-

24 and is 64% identical with the rat homologue Oatp4 (Slc21a6) 25. Whereas Oatp4 is 

the only member of this subfamily identified in rat liver, human hepatocytes – in 

addition to OATP-C –  also express OATP8 (SLC21A8), which is 80% and 66% 

identical with human OATP-C and rat Oatp4, respectively 26. We have recently 

shown that OATP8 appears to be particularly efficient in the transport of certain 

peptides 21. 

 

In this study we show that hepatocellular CCK-8 uptake is indeed an Oatp/OATP 

mediated process. However, CCK-8 is selectively transported by Oatp4 in rat liver 

and OATP8 in human liver, indicating that these two transporters may be critical for 

CCK-8 clearance from the portal and systemic circulation. 
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Materials and Methods 

 

Materials. Radiolabeled [3H]CCK-8 (69 - 74 Ci/mmol) was obtained from Amersham 

Pharmacia Biotech (Buckinghamshire, UK). Collagenase type 2 CLS was from 

Worthington Biochemical Corp. (Freehold, NJ). All other chemicals were of the 

highest degree of purity available and were readily available from commercial 

sources. 

 

Uptake studies in Xenopus laevis oocytes. Capped Oatp/OATP cRNA was 

synthesized in vitro using the mMESSAGE mMACHINETM T7 kit (Ambion, Austin, 

TX) as described 21. X. laevis oocytes were prepared as described 27 and cultured 

overnight at 18°C. Healthy oocytes were microinjected either with 5 ng of the 

respective cRNA in a volume of 50 nl or with 50 nl of water and were subsequently 

cultured for 3 days in modified Barth’s solution at pH 7.6 28. All uptake studies were 

performed in a sodium-free medium containing 100 mM choline chloride, 2 mM KCl, 

1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES adjusted to pH 7.5 with Tris. Oocytes 

were prewashed in uptake medium and then incubated at 25°C in 100 l of uptake 

medium containing radiolabeled CCK-8 at the indicated concentrations. Water 

injected oocytes were used as controls for nonspecific uptake and binding of the 

substrate. Uptake was stopped by the addition of 6 ml ice-cold uptake medium and 

oocytes were washed in 2 x 6 ml of ice-cold uptake medium. Individual oocytes were 

lysed in 0.25 ml of 10% (w/v) SDS and 4 ml scintillation fluid (Ultima Gold; Canberra 

Packard, Zurich, Switzerland), and the oocyte associated radioactivity was 

determined in a Tri-Carb 2200 CA liquid scintillation analyzer (Canberra Packard). 
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Isolation of rat hepatocytes. Male Sprague-Dawley rats (200 - 250 g body weight) 

were anesthetized with sodium pentobarbital (Nembutal, Abbot, North Chicago, IL, 

50mg/kg body weight, intraperitoneally). Hepatocytes were isolated according to a 

slightly modified 2-step collagenase perfusion method as previously described 29. 

Cell viability was assessed by trypan blue exclusion and was more than 80 %. 2.4 x 

106 cells were seeded into 60 mm petridishes in Williams medium E supplemented 

with 2 mmol/l glutamine 100 U/ml penicillin, 100 µg/ml streptomycin, 250 nU/ml 

insulin, 1 µmol/l dexamethasone, and 10 % (v/v) fetal calf serum. Hepatocytes were 

allowed to attach for 3-4 hours at 37°C in a humidified atmosphere containing 5 % 

CO2. 

 

Uptake studies in hepatocytes. Immediately prior to uptake, the cell monolayer was 

washed 3 times with 3 ml of prewarmed (37°C) or ice-cold (4°C) uptake buffer 

consisting of 116 mmol/l NaCl, 5.3 mmol/l KCl, 1.1 mmol/l KH2PO4, 0.8 mmol/l 

MgSO4, 1.8 mmol/l CaCl2, 11 mmol/l D-glucose, and 20 mmol/l HEPES, pH 7.4. 

Uptake was started by the addition of 2 ml of uptake buffer (37° or 4°C) containing 

[3H]CCK-8 at the indicated concentrations. Uptakes were stopped by aspiration of the 

uptake buffer and four rapid washes with 3 ml of ice-cold substrate-free uptake 

buffer. Cells were lysed in 2 ml of 1 % (v/v) Triton X-100. 1 ml of the lysate was 

mixed with 5 ml of scintillation fluid (Ultima Gold; Canberra Packard, Zurich, 

Switzerland), and cell associated radioactivity was determined in a Tri-Carb 2200 CA 

liquid scintillation analyzer (Canberra Packard). Protein content of the lysates was 

measured with the bicinchoninic acid method (Pierce, Pockford, IL) using bovine 

serum albumin in 0.5 % (v/v) Triton X-100 as standard. 
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Statistical analysis. Uptake results are given as the mean  one standard deviation 

(SD). Differences in uptake between cRNA and water injected oocytes were tested 

for statistical significance using the unpaired Student t test. Statistical significance 

was assumed at p < 0.05. Kinetic parameters of uptake were calculated according to 

the Michaelis-Menten equation =Vmax·[S]/(Km+[S]). 
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Results 

 

We initially tested transport of [3H]CCK-8 by the known Oatps of rat liver. Three days 

after injection of cRNA into X. laevis oocytes, the liver specific Oatp4 (Slc21a6) 

efficiently mediated CCK-8 transport (25 fold stimulation of uptake as compared to 

water injected oocytes), whereas oocytes expressing either Oatp1 (Slc21a1), Oatp2 

(Slc21a5) or Oatp3 (Slc21a7) did not show any measurable uptake (Fig. 1A). We 

next tested the four OATPs expressed in human liver for their ability to transport 

CCK-8. Interestingly, only OATP8 (SLC21A8) efficiently transported CCK-8 (8 fold 

stimulation of uptake compared to water injected oocytes), whereas OATP-A 

(SLC21A3), OATP-B (SLC21A9) and OATP-C (SLC21A6) did not (Fig. 1B). CCK-8 

was thus shown to be transported selectively by Oatp4 of rat liver and OATP8 of 

human liver. 

 

We next analyzed the kinetic characteristics of Oatp4 and OATP8 mediated CCK-8 

transport. To determine the initial linear phase of CCK-8 uptake, time course 

experiments were performed using one low (0.5 mol/l) and one high (100 mol/l) 

concentration. At both substrate concentrations, uptake in Oatp4 and OATP8 

expressing oocytes increased linearly over at least 40 minutes, whereas nonspecific 

uptake and/or binding to water injected control oocytes did not increase with time 

(Figs. 2A and 2B). We therefore performed kinetic studies over a period of 20 

minutes using CCK-8 concentrations in the range of 0.5 to 100 M. Oatp4 mediated 

initial uptake rates were saturable with an apparent Km value of 14.9  1.5 M and a 

Vmax of 88.7  2.6 fmol/oocyte·min (Fig. 3A). OATP8-mediated CCK-8 uptake was 

also saturable, with an apparent Km value of 11.1  2.9 M and a Vmax of 55.1  
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4.0 fmol/oocyte·min (Fig. 3B). These results indicated highly comparable kinetic 

features for CCK-8 transport by the rat and human transporters. 

 

To correlate the kinetic features of Oatp4/OATP8 mediated CCK-8 uptake in oocytes 

with uptake in liver, CCK-8 uptake by primary cultured rat hepatocytes was 

measured. The specific protein-mediated portion of uptake was determined by 

subtracting uptake values at 4°C from those measured at 37°C. Initial uptake at 

concentrations of up to 30 M was linear over at least 1 minute (data not shown). 

Kinetic measurements using concentrations between 1-30 M showed saturability of 

CCK-8 uptake, with an apparent Km value of 6.7  2.1 M and a Vmax of 27.7  2.7 

fmol/mg x 20 seconds (Fig. 4). These data indicate that the affinity of Oatp4 for CCK-

8 is identical with that of the CCK-8 uptake system in rat hepatocytes. 
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Discussion 

 

Over the past two decades increasing evidence has suggested carrier-mediated 

hepatic uptake of the gastrointestinal peptide hormone CCK-8, including (i) a 

concentration gradient for this hormone between the portal and the systemic venous 

circulation 30, (ii) a reduced biological activity of CCK-8 after intraportal administration 

as compared to systemic administration 31, (iii) elevated CCK-8 plasma levels in 

patients with liver cirrhosis 32, (iv) rapid appearance of radiolabeled CCK-8 in the liver 

after intravenous injection, as shown by whole body autoradiography 33, and (v) 

uptake studies with radiolabeled CCK peptides in the isolated perfused rat liver and 

in primary cultured rat hepatocytes 14-16. 

 

In the present study, we show that CCK-8 is efficiently transported by Oatp4 of rat 

liver and OATP8 of human liver, whereas all other hepatic Oatps/OATPs did not 

transport this peptide. These findings are of particular interest for two reasons. First, 

they confirm previous functional studies, which had identified an Oatp-like transport 

system for CCK-8 in hepatocytes 14-16. Second, they identify CCK-8 as a specific 

physiological substrate of rat Oatp4 and human OATP8. It is noteworthy that OATP8 

but not OATP-C transports CCK-8, considering that these two carriers share an 80 % 

amino acid identity and exhibit closely overlapping substrate specificities including 

certain peptides 21. The results further confirm the notion that OATP8 is an uptake 

system for oligopeptides, whereas OATP-C is the more efficient transporter for 

organic anions including bilirubin 34. 
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The results of this study suggest that Oatp4 is the predominant CCK-8 transport 

system of rat hepatocytes. This conclusion is based on the following observations. 

First, Oatp4 transports CCK-8 in the absence of sodium and hepatocellular uptake of 

CCK-8 was shown to be sodium-independent 14. Second, kinetic studies of Oatp4 

mediated CCK-8 transport yielded an apparent Km value of 14.9  1.5 M. This 

would seem to be a low affinity if one considers that plasma CCK-8 concentrations 

are in the picomolar range. However, the data are in perfect agreement with the Km 

value of 6.7  2.1 M that was determined for CCK-8 uptake in primary cultured rat 

hepatocytes. The hepatocellular affinity for small CCK peptides such as CCK-4 also 

appears to be in the same range, since CCK-4 has been shown to inhibit 

hepatocellular CCK-8 uptake with an apparent Ki value of 63 M 14. Third, CCK-8 

uptake by rat hepatocytes has been shown to be competitively inhibited by the 

organic anion BSP and the bile salt taurocholate with apparent Ki values of 6.2 M 

and 17 M, respectively 14. This is in agreement with our recent findings that Oatp4 

mediates uptake of BSP and taurocholate with apparent Km values of 1.1 M and 

27 M, respectively 25. We therefore conclude that Oatp4 is the low affinity / high 

capacity CCK-8 uptake system of rat hepatocytes postulated by Gores and 

coworkers 14,16. 

 

In summary, we have shown that the hepatocellular uptake system for CCK-8 is 

Oatp4 in rats and most likely OATP8 in man. The selective transport of CCK-8 by rat 

Oatp4 and human OATP8 but not by other Oatps/OATPs suggests that intact 

function of Oatp4 and OATP8 may be critical for CCK-8 clearance from the 

circulation following its postprandial release from the intestine. 



  Ismair MG et al. 
 

12

References 

 
1. Mutt V. Cholecystokinin: Isolation, Structure, and Functions. In: Glass GBJ, ed. Gastrointestinal 

Hormones. New York: Raven Press, 1980:169-221. 

2. Liddle RA, Morita ET, Conrad CK, Williams JA. Regulation of gastric emptying in humans by 

cholecystokinin. J Clin Invest 1986;77:992-996. 

3. Fried M, Erlacher U, Schwizer W, Lochner C, Koerfer J, Beglinger C, Jansen JB, Lamers CB, 

Harder F, Bischof Delaloye A, Stalder GA, Rovati L. Role of cholecystokinin in the regulation of gastric 

emptying and pancreatic enzyme secretion in humans. Studies with the cholecystokinin-receptor 

antagonist loxiglumide. Gastroenterology 1991;101:503-511. 

4. Debas HT, Grossman MI. Pure cholecystokinin: pancreatic protein and bicarbonate response. 

Digestion 1973;9:469-481. 

5. Dockray GJ. The action of gastrin and cholecystokinin-related peptides on pancreatic secretion in 

the rat. Q J Exp Physiol Cogn Med Sci 1973;58:163-169. 

6. Jones RS, Grossman MI. Choleretic effects of cholecystokinin, gastrin II, and caerulein in the dog. 

Am J Physiol 1970;219:1014-1018. 

7. Ondetti MA, Rubin B, Engel SL, Pluscec J, Sheehan JT. Cholecystokinin-pancreozymin: recent 

developments. Am J Dig Dis 1970;15:149-156. 

8. Saito A, Goldfine ID, Williams JA. Characterization of receptors for cholecystokinin and related 

peptides in mouse cerebral cortex. J Neurochem 1981;37:483-490. 

9. Vagne M, Grossman MI. Cholecystokinetic potency of gastrointestinal hormones and related 

peptides. Am J Physiol 1968;215:881-884. 

10. Solomon TE, Yamada T, Elashoff J, Wood J, Beglinger C. Bioactivity of cholecystokinin 

analogues: CCK-8 is not more potent than CCK-33. Am J Physiol 1984;247:G105-111. 

11. Morgan KG, Schmalz PF, Go VL, Szurszewski JH. Electrical and mechanical effects of molecular 

variants of CCK on antral smooth muscle. Am J Physiol 1978;235:E324-329. 

12. Vigna SR, Gorbman A. Effects of cholecystokinin, gastrin, and related peptides on coho salmon 

gallbladder contraction in vitro. Am J Physiol 1977;232:E485-491. 

13. Kost LJ, Gores GJ, Sayles JM, Miller LJ, Lemasters JJ, Herman B, LaRusso NF. Lack of 

metabolic effects of cholecystokinin on hepatocytes. Hepatology 1990;12:301-305. 



  Ismair MG et al. 
 

13

14. Gores GJ, Kost LJ, Miller LJ, LaRusso NF. Processing of cholecystokinin by isolated liver cells. 

Am J Physiol 1989;257:G242-248. 

15. Gores GJ, Miller LJ, LaRusso NF. Hepatic processing of cholecystokinin peptides. II. Cellular 

metabolism, transport, and biliary excretion. Am J Physiol 1986;250:G350-356. 

16. Gores GJ, LaRusso NF, Miller LJ. Hepatic processing of cholecystokinin peptides. I. Structural 

specificity and mechanism of hepatic extraction. Am J Physiol 1986;250:G344-349. 

17. Meier PJ, Stieger B. Molecular mechanisms in bile formation. News Physiol Sci 2000;15:89-93. 

18. Eckhardt U, Schroeder A, Stieger B, Hochli M, Landmann L, Tynes R, Meier PJ, Hagenbuch B. 

Polyspecific substrate uptake by the hepatic organic anion transporter Oatp1 in stably transfected 

CHO cells. Am J Physiol 1999;276:G1037-1042. 

19. Reichel C, Gao B, Van Montfoort J, Cattori V, Rahner C, Hagenbuch B, Stieger B, Kamisako T, 

Meier PJ. Localization and function of the organic anion-transporting polypeptide Oatp2 in rat liver. 

Gastroenterology 1999;117:688-695. 

20. Gao B, Hagenbuch B, Kullak-Ublick GA, Benke D, Aguzzi A, Meier PJ. Organic anion-transporting 

polypeptides mediate transport of opioid peptides across blood-brain barrier. J Pharmacol Exp Ther 

2000;294:73-79. 

21. Kullak-Ublick GA, Ismair MG, Stieger B, Landmann L, Huber R, Pizzagalli F, Fattinger K, Meier PJ, 

Hagenbuch B. Organic anion-transporting polypeptide B (OATP-B) and its functional comparison with 

three other OATPs of human liver. Gastroenterology 2001;120:525-533. 

22. Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nakai D, Nomura H, Unno M, Suzuki M, Naitoh 

T, Matsuno S, Yawo H. Identification of a novel gene family encoding human liver-specific organic 

anion transporter LST-1. J Biol Chem 1999;274:17159-17163. 

23. Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP, Kirchgessner TG. A novel human 

hepatic organic anion transporting polypeptide (OATP2). Identification of a liver-specific human 

organic anion transporting polypeptide and identification of rat and human hydroxymethylglutaryl-CoA 

reductase inhibitor transporters. J Biol Chem 1999;274:37161-37168. 

24. König J, Cui Y, Nies AT, Keppler D. A novel human organic anion transporting polypeptide 

localized to the basolateral hepatocyte membrane. Am J Physiol Gastrointest Liver Physiol 

2000;278:G156-164. 



  Ismair MG et al. 
 

14

25. Cattori V, Hagenbuch B, Hagenbuch N, Stieger B, Ha R, Winterhalter KE, Meier PJ. Identification 

of organic anion transporting polypeptide 4 (Oatp4) as a major full-length isoform of the liver-specific 

transporter-1 (rlst-1) in rat liver. FEBS Lett 2000;474:242-245. 

26. König J, Cui Y, Nies AT, Keppler D. Localization and genomic organization of a new hepatocellular 

organic anion transporting polypeptide. J Biol Chem 2000;275:23161-23168. 

27. Hagenbuch B, Scharschmidt BF, Meier PJ. Effect of antisense oligonucleotides on the expression 

of hepatocellular bile acid and organic anion uptake systems in Xenopus laevis oocytes. Biochem J 

1996;316:901-904. 

28. Kullak-Ublick GA, Beuers U, Paumgartner G. Molecular and functional characterization of bile acid 

transport in human hepatoblastoma HepG2 cells. Hepatology 1996;23:1053-1060. 

29. Rippin SJ, Hagenbuch B, Meier PJ, Stieger B. Cholestatic expression pattern of sinusoidal and 

canalicular organic anion transport systems in primary cultured rat hepatocytes. Hepatology 

2001;33:776-782. 

30. Böttcher W, Eysselein VE, Kauffman GL, Walsh JH. Hepatic uptake of porcine CCK-39 and CCK-

8 in dogs (abstract). Gastroenterology 1983;84:1112. 

31. Sakamoto T, Fujimura M, Newman J, Zhu XG, Greeley GH, Jr., Thompson JC. Comparison of 

hepatic elimination of different forms of cholecystokinin in dogs. Bioassay and radioimmunoassay 

comparisons of cholecystokinin-8-sulfate and -33-sulfate. J Clin Invest 1985;75:280-285. 

32. Himeno S, Tarui S, Kanayama S, Kuroshima T, Shinomura Y, Hayashi C, Tateishi K, Imagawa K, 

Hashimura E, Hamaoka T. Plasma cholecystokinin responses after ingestion of liquid meal and 

intraduodenal infusion of fat, amino acids, or hydrochloric acid in man: analysis with region specific 

radioimmunoassay. Am J Gastroenterol 1983;78:703-707. 

33. Curry SH, McCarthy D, Morris CF, Simpson-Heren L. Whole body autoradiography of CCK-8 in 

rats. Regul Pept 1995;55:179-188. 

34. Cui Y, König J, Leier I, Buchholz U, Keppler D. Hepatic uptake of bilirubin and its conjugates by 

the human organic anion transporter SLC21A6. J Biol Chem 2001;276:9626-9630. 

 

 



  Ismair MG et al. 
 

15

Figure legends 

 

Fig. 1:  Comparison of CCK-8 uptake by X. laevis oocytes expressing either (A) rat 

Oatps or (B) human OATPs. Oocytes were injected with 5 ng cRNA coding for the 

respective Oatp/OATP or with 50 nl water. After 3 days in culture, initial uptake of 

0.2 mol/l [3H]CCK-8 was measured over 30 minutes as described in “Materials and 

Methods”. Bars represent the mean  SD of 8-12 separate oocyte measurements. 

*statistically significant uptake by Oatp/OATP cRNA injected oocytes compared to 

water injected control oocytes. 

 

Fig. 2:  Time course of CCK-8 uptake by oocytes injected with Oatp4 cRNA (o), 

OATP8 cRNA (●) or water (▲). Uptake was measured at (A) 0.5 mol/l and (B) 100 

mol/l. Individual data points show mean  SD of 8-12 separate oocyte 

measurements. 

 

Fig. 3:  Kinetics of CCK-8 uptake in (A) Oatp4 and (B) OATP8 cRNA injected 

X. laevis oocytes. Oocytes were injected with 5 ng cRNA or with 50 nl water. After 3 

days in culture, uptake of [3H]CCK-8 was measured over 20 minutes at the indicated 

concentrations. Uptake values represent mean  SD of 8-12 separate oocyte 

measurements. Oatp/OATP specific uptake (-----) was calculated by subtracting 

nonspecific uptake in water injected oocytes (o—o) from uptake in cRNA injected 

oocytes (●—●). Curves were fitted by non-linear regression analysis. 

 

Fig. 4:  Kinetics of CCK-8 uptake in primary cultured rat hepatocytes. Hepatocytes 

were cultured for 3 hours and uptake of [3H]CCK-8 was measured over 20 seconds 
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at the CCK-8 concentrations indicated. Uptake values represent net protein-mediated 

uptake calculated by subtracting nonspecific uptake at 4°C from uptake at 37°C. Data 

are shown as the mean value of triplicate uptake experiments and the curve was 

fitted by non-linear regression analysis. 

 










