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Abstract	

Glucose	 is	 the	main	 energy	 source	 for	 cells	 in	 an	organism	and	 its	blood	 concentration	 is	

tightly	regulated	in	healthy	individuals.	However,	impaired	blood	glucose	control	has	been	

found	 in	 diseases	 such	 as	 metabolic	 syndrome	 and	 diabetes,	 and	 anomalous	 glucose	

utilization	in	cancer	tissues.	Dissecting	the	dynamics	of	the	different	phenomena	involved	in	

glucose	 handling	 (intracellular	 mass	 transport,	 membrane	 diffusion,	 and	 intracellular	

phosphorylation)	 is	 very	 relevant	 to	 identify	 which	 mechanisms	 are	 disrupted	 under	

disease	conditions.	In	this	work,	we	developed	an	effective	methodology	for	quantitatively	

analyzing	these	phenomena	in	living	cells.	A	measurement	of	steady-state	glucose	uptake	is,	

by	itself,	insufficient	to	determine	the	dynamics	of	intracellular	glucose.	For	this	purpose,	we	

integrated	 two	 types	 of	 measurements:	 cytosolic	 glucose	 concentration	 at	 the	 single-cell	

level,	 obtained	 using	 a	 cytosolic	 FRET	 nanosensor,	 and	 cell	 population	 glucose	 uptake,	

obtained	 without	 perturbing	 culture	 conditions	 using	 a	 microfluidic	 perfusion	 system.	

Microfluidics	enabled	accurate	temporal	stimulation	of	cells	through	cyclic	pulses	of	glucose	

concentration	 at	 defined	 flow	 rates.	 We	 found	 that	 both,	 glucose	 uptake	 and	

phosphorylation,	are	linearly	dependent	on	glucose	concentration	in	the	physiologic	range.	

Mathematical	modeling	enabled	precise	determination	of	the	kinetic	constants	of	membrane	

transport	(0.27	s-1)	and	intracellular	phosphorylation	(2.01	s-1).	

Insight,	innovation,	integration		

Quantitatively	studying	cellular	glucose	handling	 is	very	relevant	 for	better	understanding	

alterations	implicated	in	diseases,	like	diabetes	and	cancer.	Although	of	critical	importance,	

an	investigation	of	glucose	kinetics	under	physiological	conditions	is	still	 lacking.	Here,	we	

performed	 a	 quantitative	 dissection	 of	 the	 mechanisms	 that	 involve	 glucose	 uptake	 and	

metabolism	in	a	culture	of	cells	from	skeletal	muscle,	one	of	the	primary	tissues	responsible	

for	 glucose	 uptake	 in	 the	 body.	 We	 accurately	 controlled	 the	 extracellular	

microenvironment	performing	experiments	within	a	microfluidic	culture	system.	Data	were	

analyzed	 through	 a	 mathematical	 model	 for	 quantification.	 Combining	 experimental	

technology	and	modeling	enabled	precise	determination	of	rates	of	glucose	diffusion	across	

cell	membrane	and	intracellular	phosphorylation,	and	their	dependence	on	external	glucose	

concentration	under	physiologic	conditions	and	under	perturbation.	
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Introduction	

Glucose	is	the	primary	energy	source	for	cells	in	an	organism	and	its	blood	concentration	is	

tightly	regulated	in	healthy	individuals	(3.9-6.1	mmol/L)1,2.	Impaired	blood	glucose	control	

has	 been	 found	 in	 diseases	 such	 as	 metabolic	 syndrome	 and	 diabetes,	 with	 serious	

consequences	for	patients3,4.	Furthermore,	alterations	in	glucose	flux	has	been	implicated	in	

cancer	development	through	the	so-called	Warburg	effect5.	

In	 a	 cell	 culture	 there	 are	 three	 different	 phenomena	 involved	 in	 glucose	 handling:	

intracellular	 mass	 transport,	 diffusion	 through	 plasma	 membrane,	 and	 intracellular	

phosphorylation.	Dissecting	their	dynamics	 is	very	 important	 for	 identifying	compromised	

mechanisms	at	the	single-cell	level	relevant	for	disease	conditions.	

Intracellular	mass	transport	represents	the	movement	of	glucose	in	the	culture	medium	by	

diffusion	and,	in	case	of	a	perfused	system,	also	by	convection.	This	process	is	dependent	on	

the	 geometry	 and	 operative	 conditions	 of	 the	 experimental	 setup	 used,	 however	

computational	 modeling	 can	 easily	 describe	 the	 glucose	 concentration	 field	 in	 different	

systems	by	solving	its	microscopic	mass	balance,	coupled	with	fluid	dynamic	simulations	in	

case	of	perfused	systems6.	

Diffusion	 through	 plasma	 membrane	 brings	 intracellular	 glucose	 into	 the	 cells	 through	

glucose	 transporters	 (GLUTs,	 SGLTS	 and	 SWEETs).	 Multiple	 GLUT	 isoforms	 have	 been	

discovered	 whose	 membrane	 expression	 is	 highly	 regulated7,	 either	 through	 hormonal	

control	 (for	 example,	 by	 insulin)	 or	 by	 intracellular	 mechanisms	 such	 as	 glycosylation8,9.	

Glucose	transport	across	the	cell	membrane	is	conventionally	studied	in	vitro	using	glucose	

analogs.	 The	 most	 commonly	 used	 are	 radioactive	 hexoses,	 such	 as	 [14C]	 2-deoxy-D-

glucose10	 and	 [18F]	 fluoro-2-deoxy-D-glucose11.	 Besides	 the	 criticality	 of	 working	 with	

radioactivity,	radiolabeled	analogs	present	some	limitations,	such	as	lack	of	spatio-temporal	

resolution	 and	 the	 inability	 to	measure	 glucose	 uptake	 in	 viable	 cell	 cultures12.	 To	 avoid	

these	 shortcomings,	 non-metabolizable	 and	 metabolizable	 fluorescence-tagged	 glucose	

analogs	 were	 developed,	 the	 most	 common	 being	 6-	 and	 2-(N-(7-Nitrobenz-2-oxa-1,3-

diazol-4-yl)amino)-6-Deoxyglucose	 (6-NBDG	and	2-NBDG)13,14.	 Compared	 to	 radioisotopes	

fluorescently	 labeled	 analogs	 provide	 high	 spatial	 and	 temporal	 resolution,	 with	

fluorescence	 detectable	 at	 the	 single	 cell	 level	 within	 seconds12.	 However,	 a	 common	

limitation	to	both	isotope	and	fluorescent	analogs	is	that	they	are	not	transported	by	GLUTs	

and	metabolized	by	hexokinase	with	 the	same	kinetics	as	glucose12,	and	 they	can	be	 toxic	
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even	 at	 low	 doses15.	More	 recently	 nanosensors	were	 developed	 for	 intracellular	 glucose	

imaging	 in	 live	 cells	 at	 single-cell	 resolution16.	 They	 are	 based	 on	 the	 interaction	 of	

intracellular	 D-glucose	 with	 a	 molecular	 probe	 that,	 upon	 glucose	 binding,	 undergoes	 a	

conformational	 rearrangement	 detectable	 by	 Förster	 resonance	 energy	 transfer	 (FRET)	

between	 two	 spectral	 GFP	 variants.	 FRET	 is	 a	 direct	 proxy	 for	 the	 cytosolic	 glucose	

concentration	at	steady	state17.	While	non-steady-state	FRET	changes	can	be	correlated	to	

changes	in	cytosolic	glucose	concentration	only	if	the	nanosensor	kinetics	is	faster	than	that	

of	 intracellular	 glucose	 processes.	 If	 this	 condition	 is	 not	 met,	 a	 dynamic	 use	 of	 the	

nanosensor	is	precluded.	

After	 import	 into	 the	 cell,	 glucose	 is	 phosphorylated	by	hexokinases.	Multiple	 isoforms	of	

this	enzyme	exist	in	different	tissues18.	Hexokinase	kinetics	has	been	studied	after	enzyme	

purification	 mainly	 by	 spectrophotometric	 techniques19,20,21.	 One	 study	 measured	

hexokinase	 rate	 of	 glucose	 phosphorylation	 within	 the	 complexity	 of	 cytoplasmic	

environment22.	 However,	 in	 this	 study	 nanosensor	 kinetics	 is	 assumed	 to	 be	 faster	 than	

hexokinase	rate.	

	

A	comprehensive	investigation	to	simultaneously	dissect	intracellular	glucose	transport,	its	

diffusion	through	plasma	membrane,	and	its	intracellular	phosphorylation	in	a	quantitative	

manner	is	still	missing.	These	three	processes	occur	sequentially,	and	at	steady-state	their	

rates	are	the	same	and	equal	to	the	rate	of	the	slowest	of	the	three	steps.	Thus,	measuring	

the	uptake	of	glucose	by	cells	at	steady-state	gives	information	on	the	overall	speed	of	the	

process,	 but	 does	 not	 allow	 the	 identification	 of	 the	 dynamics	 of	 each	 of	 the	 three	 steps	

individually.	A	deeper	study	is	needed	for	a	quantitative	analysis	of	these	processes	and	of	

the	impairments	occurring	in	pathological	conditions.	

Here,	we	performed	a	dissection	of	the	dynamics	of	the	three	processes	involved	in	glucose	

acquisition	 in	 a	 myoblast	 cell	 culture.	 We	 took	 advantage	 of	 different	 experimental	 and	

computational	techniques	for	the	study	of	mass	transport	and	myoblast	kinetics	of	glucose	

uptake	 and	phosphorylation.	We	 coupled	 the	 detection	 of	 cytosolic	 glucose	 concentration	

via	 FRET-based	 nanosensors	 at	 the	 single-cell	 level	 with	 the	 enzymatic	 measurement	 of	

glucose	 uptake	 of	 a	 cell	 population,	 performed	 with	 minimal	 culture	 perturbation.	 We	

performed	 the	experiments	within	 a	microfluidic	 culture	 system	 to	 accurately	 control	 the	

extracellular	environment	and	in	particular	glucose	concentration	in	the	immediate	vicinity	

of	 cell	 membrane.	 The	 small	 volumes	 of	 medium	 used	 also	 increased	 the	 signal-to-noise	
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ratio	 of	 measurements	 because	 a	 small	 glucose	 uptake	 by	 the	 cells	 produced	 a	 large	

concentration	difference	 in	 the	culture	medium.	Experimental	data	were	analyzed	making	

use	 of	 mathematical	 modeling	 to	 derive	 the	 kinetic	 constants	 of	 each	 glucose-related	

process.	

Results	and	discussion	

Experimental	strategy	

Dissecting	 the	dynamics	of	 glucose	 intracellular	mass	 transport,	 diffusion	 through	plasma	

membrane,	 and	 intracellular	 phosphorylation	 in	 a	 quantitative	manner	 is	 not	 feasible	 by	

measuring	 steady-state	 glucose	 uptake	 or	 glucose	 intracellular	 concentration	 alone22.	 A	

more	 thorough	 analysis	 is	 needed	 to	 characterize	 each	 of	 these	 processes.	 We	 used	

mathematical	 modeling	 to	 theoretically	 determine	 which	 measurements	 are	 required	 to	

quantify	 each	 rate.	 The	 model	 we	 developed	 is	 multi-scale	 and	 describes	 the	 glucose	

concentration	field	in	the	whole	culture	system,	the	cell	population	glucose	uptake	and	the	

single-cell	processes	of	glucose	handling.	It	is	based	on	standard	techniques	of	fluid	dynamic	

modeling	and	glucose	mass	balances.	We	found	that,	by	coupling	the	two	measurements	of	

steady-state	 glucose	 uptake	 and	 cytosolic	 glucose	 concentration,	 it	 is	 possible	 to	 fully	

quantify	the	kinetics	of	each	of	the	three	processes	involved	in	glucose	handling.	

Based	on	this	theoretical	result,	we	set	up	a	microfluidic	experimental	system	for	accurately	

performing	 the	 two	 measurements,	 steady-state	 glucose	 uptake	 and	 cytosolic	 glucose	

concentration	 (Figure	 1).	 The	 microfluidic	 chip	 allowed	 a	 tight	 control	 of	 glucose	

concentration	thanks	to	the	perfusion	in	laminar	flow	conditions	and	an	accurate	temporal	

stimulation	 of	 the	 cells	 obtained	 by	 coupling	 the	 chip	with	 an	 automated	 liquid	 handling	

apparatus.	Each	chip	included	three	culture	chambers	to	perform	experiments	in	triplicate	

and	was	made	of	transparent	PDMS	to	perform	fluorescence	microscopy	on	line.		

To	determine	the	overall	glucose	uptake	in	each	cell	culture	chamber,	we	carried	out	steady-

state	 experiments	 at	 defined	 inlet	 glucose	 concentrations	 and	 measured	 glucose	

concentration	 at	 the	 outlet	 (Figure	 2).	 Uptake	was	 then	 calculated	 from	 the	 overall	mass	

balance	on	 the	culture	system	(Eq.	 (9)).	Thanks	 to	 the	 low	 flow	rates	used	 (12.5	nL/min)	

and	the	very	high	surface-to-volume	ratio	of	the	culture	chamber	(Table	I),	the	difference	of	

glucose	 concentration	 between	 inlet	 and	 outlet	 had	 a	 significant	 signal-to-noise	 ratio,	

because	a	small	 flux	of	glucose	 into	 the	cells	resulted	 in	a	 large	concentration	variation	 in	



 
	

6	
 

the	culture	medium.	

To	 obtain	 the	 second	 type	 of	measurement,	 cytosolic	 glucose	 concentration	 in	 individual	

cells,	 the	 response	 of	 the	 intracellular	 FRET-based	 nanosensor	 FLIPglu-600μΔ13V17	 was	

detected	online	by	microscopy	 (Figure	3).	A	high	 flow	 rate	 (4	μL/min)	was	used	 in	 these	

experiments	 in	 order	 to	 have	 a	 glucose	 concentration	 on	 the	 cell	 surface	 approximately	

equal	 to	 its	concentration	at	 the	 inlet	of	 the	culture	system,	 i.e.	 the	glucose	assimilated	by	

cells	 was	 negligible	 compared	 to	 the	 amount	 of	 glucose	 entering	 the	 system.	 These	

measurements	 were	 taken	 both	 at	 steady	 state	 and	 under	 fast	 dynamic	 changes	 of	 inlet	

glucose	 concentration.	We	 used	 a	multi-inlet	 system	 to	 switch	 between	 different	 glucose	

concentrations	 entering	 the	 culture	 chamber	 with	 high	 temporal	 accuracy	 by	 means	 of	

pneumatic	 valves	 integrated	 on	 chip	 (Figure	 1).	 For	 example	 it	 can	 be	 easily	 used	 to	

generate	a	pulse	or	an	approximately	linear	ramp	of	concentrations.	
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Figure 1. Experimental setup. (A) A1) Top view and section of the microfluidic cell culture chambers. A2) 
Top view of the multi-inlet system for FRET experiments. Blue lines: microfluidic channels used to 
pneumatically control the valve system. Red lines: flow channels connecting external medium reservoirs at 
different glucose concentrations (  with ) to the inlet of a culture chamber. Enlargement shows 

the detail of a pneumatic valve. (B) Analysis of the delay between a change in input conditions and the 
actual change of medium composition in the culture chamber, using dyes of different colors, at 4-μL/min 
flow rate. ROI: region of interest.  (C) C1) and C2) Pictures of the experimental setup schematically 
represented in A). The culture chambers and the flow channels in the multi-inlet system were filled with 
blue and red dyes, respectively. C3) Images of the culture chamber after seeding of myoblasts, at different 
enlargements. (D) Example of the functionality of the multi-inlet system for reproducing an approximately 
linear ramp of glucose concentration at the inlet of the culture chamber. In the upper part, the system is 
schematically depicted with green and black squares representing open and closed valves, respectively. 
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Validation	of	glucose	uptake	measurements	

We	verified	the	sensitivity	of	our	system	for	glucose	uptake	measurements	and	optimized	

parameters	 for	 imaging	 and	 perfusion.	 Myoblasts	 were	 seeded	 within	 the	 microfluidic	

chambers	 and	 perfusion	 started	 after	 cell	 adhesion.	 We	 studied	 how	 sensitive	 the	

measurements	 of	 glucose	 concentration	 at	 the	 outlet	 of	 the	 culture	 chamber	 were	 to	

different	 flow-rate	 regimes.	 As	 flow	 rate	 is	 inversely	 correlated	 to	 the	 residence	 time	 of	

medium	in	the	culture	chamber,	we	expected	the	measurements	to	be	less	sensitive	at	high	

flow	rates	when	glucose	outlet	concentration	was	expected	not	to	be	significantly	different	

from	the	inlet	concentration.		

First,	we	applied	a	step	change	in	flow	rate	from	0.025	to	0.5	μL/min,	collected	the	medium	

continuously	at	the	outlet	of	the	culture	chambers,	and	analyzed	it	enzymatically	every	0.6-

μL	volume	eluted	(Figure	2B).	Results	showed	high	accuracy:	average	data	variability	was	

approximately	 30%	 both	 for	 samples	 from	 different	 culture	 chambers	 and	 for	 samples	

collected	at	different	time	points	at	steady-state.	At	the	low	flow	rate,	glucose	concentration	

at	 the	outlet	was	 significantly	different	 from	 that	 of	 the	 control,	 represented	by	 a	 culture	

chamber	where	no	cells	were	seeded.	On	the	contrary,	at	0.5	μL/min	the	steady-state	outlet	

concentration	was	approximately	the	same	as	for	the	control,	and	the	signal-to-noise	ratio	

too	small	for	an	accurate	derivation	of	the	uptake	rate.		

As	 the	 time	 needed	 to	 collect	 a	 0.6-μL	 sample	 is	 inversely	 proportional	 to	 the	 flow	 rate	

(Figure	 2B,	 inset),	 then	 flow	 rate	 also	 affects	 the	 maximum	 time	 resolution	 of	 the	

measurement.	For	example,	at	0.025	μL/min	each	sampling	was	performed	every	24	min,	

while	at	0.5	μL/min	every	1.2	min.	Thus,	working	at	low	flow	rates	increases	measurement	

sensitivity,	but	at	the	expenses	of	time	resolution.	

From	this	experiment	we	also	determined	the	time	needed	to	reach	a	steady-state	condition	

to	be	approximately	that	needed	for	eluting	2-μL	volume	(Figure	2B).	This	result	was	also	

confirmed	by	 fluid	dynamic	 simulations	 (see	Supporting	 Information).	 In	 the	next	 steady-

state	 measurements	 presented,	 we	 always	 collected	 samples	 after	 3-μL	 volumes	 (as	 an	

excess	of	2	μL)	were	eluted	following	a	flow	rate	change.	

	

To	determine	the	optimal	flow	rate	to	use,	a	second	experiment	was	performed	measuring	

steady-state	 outlet	 glucose	 concentration	 for	 six	 different	 flow	 rates	 ranging	 between	

0.0125	and	0.5	μL/min	(Figure	2C).	The	experimental	results	confirmed	that	the	smaller	is	
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the	flow	rate,	the	larger	is	the	glucose	concentration	difference	between	inlet	and	outlet,	and	

the	 higher	 is	 glucose	 uptake	 measurement	 sensitivity.	 However,	 lower	 flow	 rates	 imply	

longer	 times	 for	 sample	 collection	 and	 less	 temporal	 resolution	 during	 dynamic	

experiments.	As	 a	 trade-off	 between	 these	 two	 requirements	we	decided	 to	perform	next	

experiments	of	glucose	uptake	measurement	at	a	flow	rate	of	0.05	μL/min.	

As	 single-cell	 glucose	 uptake	 is	 the	 measurement	 usually	 reported	 in	 the	 literature,	 we	

calculated	 its	 mean	 value	 in	 the	 culture	 chamber	 as	 the	 ratio	 of	 the	 overall	 uptake,	

calculated	 by	 Eq.	 (9),	 to	 the	 number	 of	 cells	 in	 the	 culture	 chamber	 (Figure	 2D).	 For	 the	

same	 inlet	 glucose	 concentration	 and	 high	 flow	 rates,	 uptake	 by	 the	 average	 cell	 was	

approximately	independent	from	the	flow	rate.	The	flow	rate	can	be	considered	high	when	

glucose	 gets	 to	 cell	 surface	 more	 rapidly	 than	 it	 is	 consumed.	 The	 single-cell	 uptake	 we	

measured	(~30	fmol	min-1	per	cell)	is	of	the	same	order	of	magnitude	of	a	previous	study	on	

myoblasts23,	 where	 it	 was	 obtained	 from	 radioactivity	 measurements	 after	 addition	 of	
14C(U)deoxy-D-glucose.	 Assuming	 a	 total	 protein	 content	 of	 120±18	 pg/cell	 (Table	 I),	 the	

uptake	from	data	in	Kotliar	et	al.23	was	17±3	fmol	min-1	per	cell).	
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Figure	2.	Effect	of	flow	rate	on	glucose	uptake	measurements.	(A)	Schematic	representation	of	glucose	
uptake	 experiments.	 (B)	 Experimental	 measurements	 of	 outlet	 glucose	 concentration	 after	 a	 step	
change	in	flow	rate	as	a	function	of	the	eluted	volume.	Sampling	was	performed	continuously	(medium	
was	analyzed	every	0.6-μL	volume	eluted).	Control	data	are	taken	from	a	chamber	having	the	same	inlet	
conditions	as	the	sample	chamber,	but	no	cells	inside.	 	is	the	total	volume,	including	culture	chamber	

and	microfluidic	channels	(approximately	1	μL).	Error	bars	represent	standard	deviation	(n=3).	 Inset:	
computational	 simulation	 of	 the	 duration	 of	 sampling	 as	 a	 function	 of	 volumetric	 flow	 rate.	 (C)	
Experimental	steady-state	measurements	of	outlet	glucose	concentration	at	increasing	flow	rates,	as	a	
function	 of	 the	 eluted	 volume.	 Control	 experiments	 were	 performed	 as	 in	 B).	 Error	 bars	 indicate	
standard	deviation	of	3	repeated	measurements	 from	the	same	culture	chamber.	 (D)	Mean	single-cell	
glucose	uptake	rate,	 ,	in	the	culture	chamber	as	a	function	of	flow	rate,	calculated	from	data	in	C).	

	was	equal	to	5.6±0.3	mM.	

 

Validation	of	dynamic	monitoring	of	cytosolic	glucose	concentration	

We	next	validated	the	suitability	of	our	experimental	system	for	cytosolic	glucose	detection	

by	 the	 FRET-based	 nanosensor	 FLIPglu-600μΔ13V.	 Myoblasts	 were	 seeded	 within	 the	

microfluidic	 chamber	 and	 transfected	with	 the	 nanosensor	 plasmid.	We	 used	 a	 high	 flow	

rate	(4µL/min)	 in	these	experiments	so	that	glucose	concentration	on	cell	membrane,	 ,	
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was	 approximately	 equal	 to	 its	 concentration	 in	 the	 inlet,	 .	 We	 performed	 dynamic	

stimulations	 of	 cells	 alternating	 glucose-free	 and	 1.5-mM	 concentration	 buffer	 solution,	

using	 the	multi-inlet	 system	 (Figure	3A).	Each	 concentration	was	kept	 constant	 for	4	min	

during	 repeated	 pulses	 (Figure	 3C).	 Using	 dyes	 of	 different	 colors,	we	 verified	 a	 delay	 of	

approximately	 20	 s	 between	 a	 change	 of	 valve	 opening	 in	 the	multi-inlet	 system	 and	 the	

actual	 change	 of	 medium	 composition	 in	 the	 cell	 culture	 chamber,	 at	 the	 flow	 rate	 used	

(Figure	1C).	The	square-shaped	pulse	was	fairly	conserved	(Figure	1C).	

We	performed	live	cell	imaging	for	FRET	detection	(Figure	3B),	and	analyzed	the	images,	as	

previously	 reported17,	 to	 obtain	 the	 FRET	 index	 	 (Figure	 3C).	 A	 decrease	 in	 this	 index	

represents	an	increase	in	cytosolic	glucose	concentration.	The	results	show	the	accuracy	of	

our	 measurements,	 with	 a	 consistent	 return	 to	 the	 FRET	 index	 baseline	 after	 each	

stimulation	pulse.	After	4	min	of	stimulus,	FRET	signal	approximately	reaches	a	new	steady	

state.	

In	 this	 work	 we	 used	 FRET	 results	 at	 steady-state	 to	 determine	 cytosolic	 glucose	

concentration.	For	using	the	nanosensor	to	determine	non-steady-state	concentrations,	the	

nanosensor-glucose	 binding	 needs	 to	 be	 faster	 than	 the	 other	 intracellular	 processes	

involving	 glucose	 (membrane	 transport,	 phosphorylation,	 and	 maybe	 others),	 so	 that	 a	

quasi-steady-state	approximation	holds	and	online	FRET	detection	is	directly	correlated	to	

cytosol	 glucose	 concentration.	 However,	 we	 will	 show	 later	 that	 this	 condition	 is	 not	

satisfied	in	our	system.	
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Figure	 3.	 Dynamic	 measurements	 of	 intracellular	 glucose	 concentration	 via	 FRET	 nanosensor.	 (A)	
Schematic	 representation	 of	 FRET	 experiments.	 (B)	 Sequence	 of	 images,	 obtained	 by	 fluorescence	
microscopy,	of	cyan	(CFP)	and	yellow	(YFP)	fluorescent	signals	during	pulse	perfusion	at	1.5	mM	glucose	
concentration.	(C)	Normalized	baseline-corrected	FRET	index,	 ,	during	an	experiment	of	4-min	cyclic	
pulses	of	1.5-mM	glucose	concentration.	Blue	and	black	dots	refer	to	the	two	regions	of	interest	(ROIs)	
shown	in	A).	

	

Dissection	of	myoblast	glucose	handling	mechanisms	

We	 studied	 how	 glucose	 uptake	 rate	 changes	 as	 a	 function	 of	 extracellular	 glucose	

concentration	 in	 the	 physiological	 range	 of	 concentrations	 (3-13	 mM).	 To	 this	 aim,	 we	

measured	the	uptake	for	different	conditions	at	the	inlet	of	the	culture	chamber,	keeping	the	

flow	 rate	 constant	 and	 equal	 to	 0.05	 μL/min.	 Experimental	 data	 showed	 a	 linear	

relationship	 between	 inlet	 and	 outlet	 glucose	 concentration,	 with	 the	 latter	 being	 about	

74%	of	the	former	(Figure	4A).	

In	 order	 to	 better	 understand	 fluid	 dynamics	 and	 glucose	 mass	 transport	 within	 the	

microfluidic	chip,	we	developed	a	3-dimensional	(3D)	mathematical	model	to	simulate	the	

experimental	 operative	 conditions.	 In	 particular,	 we	 aimed	 at	 investigating	 the	 spatial	

r
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heterogeneity	within	 the	culture	chamber	and	 the	actual	glucose	concentration	 in	 the	cell	

microenvironment,	i.e.	immediately	outside	of	the	cell	membrane.	

The	model	 described	 glucose	 uptake	 as	 a	 consumption	 flux	 at	 the	 bottom	 of	 the	 culture	

chamber,	 whose	 rate	was	 assumed	 proportional	 to	 glucose	 concentration	 at	 this	 surface.	

Under	 this	 assumption,	 the	 numerical	 simulation	 reproduced	 the	 linearity	 of	 the	

experimental	data	( ),	as	shown	in	Figure	4A.	

Model	 results	 also	 highlighted	 that,	 at	 the	 low	 flow	 rate	 used	 (0.05	 μL/min),	 the	 average	

glucose	concentration	outside	cell	membrane,	 ,	is	reduced	to	84%	of	its	concentration	at	

the	inlet	(Figure	4B).	However,	this	result	is	specific	for	the	setup	geometry	we	used.	

By	 our	 3D	 model	 we	 simulated	 the	 glucose	 concentration	 profile	 within	 the	 culture	

chamber.	 As	 shown	 in	 Figure	 4C,	 a	 cell	 near	 the	 outlet	 is	 exposed	 to	 a	 concentration	 of	

glucose	that	is	27%	lower	compared	to	a	cell	located	near	the	inlet.	On	the	other	hand,	the	

concentration	 gradient	 in	 the	 z-direction	 is	 very	 small	 (Figure	 4C	 and	 Supporting	

Information).	Thus,	spatial	heterogeneity	 is	mainly	due	to	 the	progressive	consumption	of	

glucose	by	cells	located	upstream	during	the	14	min	taken	by	medium	to	convectively	flow	

from	 inlet	 to	 outlet.	 The	 measured	 overall	 glucose	 uptake	 is	 an	 average	 over	 a	 spatially	

heterogeneous	 cell	 population.	 However,	 as	 glucose	 uptake	 was	 described	 as	 a	 linear	

function	of	concentration,	it	is	reasonable	to	assume	that	the	overall	uptake	is	the	same	as	if	

all	the	cells	were	exposed	to	the	average	of	medium	composition	shown	in	Figure	4B.	

	

74%OUT ING G= ×

mG
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Figure	4.	 Results	 from	glucose	uptake	 experiments	 and	 simulations.	 (A)	Data	 of	 steady-state	 glucose	
concentration	at	the	outlet	of	the	culture	chamber,	obtained	from	off-line	enzymatic	measurements,	as	a	
function	 of	 different	 inlet	 glucose	 concentrations.	 Error	 bars:	 standard	 deviations	 (n=3).	 Solid	 line:	
results	 simulated	 by	 the	 3-dimensional	 computational	 model	 after	 fitting	 parameter	 kU.	 (B)	
Computational	estimation	of	the	mean	glucose	concentration	at	cell	surface	within	the	culture	chamber,	
calculated	by	the	3-dimensional	model.	Linear	 fit	 slope:	0.84.	Gray	 line:	 .	 (C)	Simulation	of	 the	

glucose	 concentration	 profile	 at	 steady-state	 at	 the	 bottom	 of	 the	 culture	 chamber	 (top)	 and	 in	 the	
vertical	symmetry	plane	(bottom)	for	 equal	to	12.7	mM.	Flow	rate	was	0.05	μL/min.	

	

Next,	 we	 performed	 FRET-based	 nanosensor	 experiments	 to	 determine	 cytosolic	 glucose	

concentration	 under	 different	 inlet	 conditions.	 Flow	 rate	 was	 fixed	 at	 approximately	 4	

μL/min,	 high	 enough	 for	 the	 assumption	 ,	 as	 demonstrated	 by	 data	 in	 Figure	 2C	

(medium	residence	time	in	the	chamber	was	only	11	s).	

We	applied	4-min	pulses	of	 increasing	glucose	concentrations	 (0.5-5	mM),	 separated	by	4	

min	 of	 glucose-free	 inlet	 condition	 (Figure	 5A).	 As	 expected,	 the	 FRET	 index	 had	 larger	

amplitude	of	oscillation	for	pulses	of	higher	glucose	concentration.	Measurement	noise	was	

relevant	at	low	concentrations,	but	the	sensor	response	showed	a	good	signal-to-noise	ratio	

m ING G=
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for	concentrations	 larger	 than	1	mM.	By	approximating	FRET	response	at	 the	end	of	each	

pulse	 as	 a	 steady	 state,	 first	we	 obtained	 a	 nanosensor	 saturation	 curve	 (see	 Supporting	

Information)	and	then	derived	steady-state	cytosolic	glucose	concentration	by	Eq.	(3)	as	a	

function	 of	 inlet	 concentration	 (Figure	 5B).	We	 experimentally	 found	 the	 following	 linear	

relationship:	

	 	 (1)	

that	is	characteristic	of	myoblasts	stimulated	with	glucose	concentrations	up	to	5	mM	(and	

maybe	 even	 higher),	 and	 is	 independent	 from	 the	 specific	 experimental	 setup	 (system	

geometry,	flow	rate).	

	

	
Figure	 5.	 Effect	 of	 glucose	 concentration	 on	 FRET	 nanosensor	 response.	 (A)	 Normalized	 baseline-
corrected	 FRET	 index,	 ,	 as	 a	 function	 of	 time	 during	 repeated	 pulses	 of	 increasing	 inlet	 glucose	
concentrations	(0.5,	1,	2.5,	3,	4,	and	5	mM).	Black,	blue	and	green	dots	refer	to	the	signal	from	3	different	
cells.	 (B)	 Relationship	 between	 steady-state	 cytosolic	 and	 inlet	 glucose	 concentrations,	 derived	 from	
data	in	A).	Linear	fit	slope:	0.12.	(C)	Effect	of	verapamil	on	FRET	nanosensor	response.	Repeated	pulses	
of	 inlet	 glucose	 concentration	 (1.5	mM),	 in	 presence	 or	 absence	 of	 verapamil	 (150	μM),	 as	 indicated.	
Blue	 and	 green	 dots	 refer	 to	 the	 signal	 from	 2	 different	 cells.	 (D)	 Decrease	 of	 steady-state	 cytosolic	
glucose	concentration,	for	 ,	in	presence	of	the	inhibitor	(p-value<0.05),	calculated	from	the	

data	in	C.	Flow	rate	was	4	μL/min.	
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Perturbing	 the	 system	 with	 the	 inhibitor	 verapamil	 (150	 μM),	 known	 to	 affect	 glucose	

transport24,	 we	 obtained	 a	 reduction	 in	 cytosolic	 glucose	 concentration	 of	 about	 26%,	

reducing	the	constant	in	(Eq.	(1))	to	0.065		(Figure	5C	and	D).	This	result	is	consistent	with	a	

30%	 decrease	 in	 glucose	 uptake	 obtained	 in	 L929	 fibroblasts	 using	 radiolabeled	 2-

deoxyglucose24,	and	shows	how	impairments	can	be	precisely	detected	by	our	system.	We	

also	verified	the	reversibility	of	this	inhibitory	mechanism	(see	Supporting	Information).	

The	linearity	of	Eq.	(1)	is	confirmed	also	by	the	results	obtained	from	a	single-cell	balance	

equation	at	steady	state	(Eq.	(8)).	This	simple	analytical	model	was	developed	assuming	a	

first-order	intracellular	glucose	phosphorylation	(Eq.	(6)),	with	kinetic	constant	 .	Eq.	(8)	

shows	 that	 steady-state	 	 is	 also	 dependent	 on	 another	 kinetic	 constant,	 ,	 that	

characterizes	the	rate	of	transport	through	cell	membrane.	

As	 previously	mentioned,	 the	 steady-state	measurements	 of	 glucose	 uptake	 and	 cytosolic	

glucose	concentration	need	to	be	coupled	in	order	to	quantitatively	dissect	the	contribution	

of	 the	 two	 phenomena	 of	 glucose	 transport	 through	 cell	 membrane	 and	 glucose	

phosphorylation,	 i.e.	 to	 determine	 	 and	 	 ,	 whose	 values	 are	 reported	 in	 Table	 I.	

Specifically,	Eqs.	(8)	and	(11)	were	simultaneously	solved,	the	former	assuming	 	and	

the	latter	using	 	from	Figure	4B.	

The	 characteristic	 times	 (equal	 to	 the	 reciprocal	 of	 the	 kinetic	 constants)	 of	 glucose	

transport	and	phosphorylation	are	3.7	s	and	0.5	s,	 respectively.	Thus,	 the	 latter	process	 is	

7.4	 times	 faster	 than	 the	 former,	 making	 transport	 the	 limiting	 step	 of	 glucose	 handling	

process,	as	already	well-known.	

While	 hexokinase	 1	 (HK1)	 is	 the	 main	 isoform	 in	 human	 skeletal	 muscle,	 hexokinase	 2	

(HK2)	is	prevalent	in	mouse25.	The	Michaelis-Menten	kinetics	of	HK2	has	been	studied	in	the	

literature	 after	 purification:	 Michaelis-Menten	 constant,	 ,	 is	 equal	 to	 0.3	 mM	 and	 its	

specific	 activity	 to	 0.17	U/mg26,	which	 corresponds	 to	 a	 of	 0.57	mM/s.	When	 glucose	

concentration	 is	 lower	 than	 ,	 the	enzymatic	conversion	rate	can	be	approximated	by	a	

linear	expression	with	proportionality	constant	 ,	equal	to	1.9	s-1.	This	value	is	very	

close	 to	 the	 	 value	we	 obtained	 experimentally	 (2.01	 s-1),	 however	 the	 approximation	

	 does	 not	 hold	 for	 the	whole	 range	 of	 	 concentrations	we	 used,	 as	 shown	 in	

Figure	5B.	

These	results	are	not	contradictory.	If	in	the	cellular	context	the	value	of 	increases,	then	
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the	 inequality	 holds	 and	 phosphorylation	 occurs	 as	 a	 1st-order	 reaction.	 To	

preserve	 the	 value	 of	 the	 ratio	 ,	 a	 parallel	 increase	 in	 	 is	 required.	 As	 a	

speculation,	we	propose	 in	 the	 Supporting	 Information	 an	 example	 of	 a	 simple	dynamics,	

based	 on	 the	 Briggs-Haldane	 derivation	 of	 the	 Michaelis-Menten	 equation,	 that	 could	

support	 this	 hypothesis.	 However,	multiple	 other	mechanisms	 could	 be	 equally	 plausible	

considering	the	intracellular	molecular	crowding.		

Our	results	suggest	care	in	extending	 in	vitro	kinetics	to	the	cellular	context	and	provide	a	

means	to	experimentally	measure	precise	metabolic	fluxes	within	the	cellular	environment.	

The	direct	detection	of	glucose	uptake	in	a	microfluidic	system	offers	accuracy	at	high	time	

resolution	 and	minimal	 disruption	 of	 culture	 conditions.	 Furthermore,	 to	 the	 best	 of	 our	

knowledge,	 we	 described	 the	 first	 determination	 of	 hexokinase	 phosphorylation	 rate	 in	

living	 cells	 under	 physiological	 conditions.	 Our	 results	 are	 particularly	 relevant	 in	 the	

context	of	studies	on	glucose	handling	processes,	 involved	in	the	development	of	dramatic	

diseases,	 such	 as	 diabetes	 and	 cancer,	 and	not	 restricted	 to	 the	 particular	 cell	 system	we	

analyzed.		

	

From	 a	 technological	 point	 of	 view,	 we	 also	 investigated	 the	 kinetics	 of	 the	 FRET-based	

nanosensor	 used	 in	 this	 study,	 first	 theoretically	 and	 then	 experimentally.	 This	 is	

particularly	important	for	using	the	sensor	for	dynamic	real	time	measurements.	In	Figure	

6A	we	present	the	FRET	index	data	shown	in	Figure	5A,	overlapping	the	results	during	the	

first	100	s	of	each	 	pulse.	As	expected,	data	show	a	faster	response	during	cellular	uptake	

at	higher	glucose	concentrations.	We	fitted	each	curve	by	an	exponential	function	to	obtain	

the	time	constant	of	the	nanosensor,	 ,	which	is	the	same	for	each	curve	and	equal	to	67	s.	

We	confirmed	experimentally	 this	 result	as	 reported	 in	 the	Supporting	 Information.	Thus,	

the	binding	of	glucose	to	the	nanosensor	 is	a	very	slow	process	compared	to	both	glucose	

transport	 through	 cell	 membrane	 and	 phosphorylation.	 As	 previously	 mentioned,	 this	

means	 that	 the	 FRET-based	 nanosensor	 does	 not	 give	 information	 about	 the	 transient	

cytosolic	glucose	concentration	directly.	However,	knowing	the	kinetic	constants	 	and	 ,	

derived	by	the	procedure	above,	transient	 	can	be	calculated	mathematically	by	Eq.	(7).	

Figure	6B	shows	the	results	from	computational	simulations	reproducing	the	experimental	

conditions	of	Figure	6A.	The	dynamics	of	cytosolic	glucose	concentration	after	a	change	in	

the	intracellular	one	is	much	faster	than	the	nanosensor	response.	This	aspect	is	particularly	
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relevant	and	affects	 the	dynamic	use	of	 this	nanosensor	without	 the	combination	of	other	

external	measurements.	

	

Figure	 6.	 Analysis	 of	 non-steady-state	 FRET	 data.	 (A)	 Transients	 of	 FRET	 nanosensor	 response	 at	
different	inlet	glucose	concentrations	(0.5,	1,	2.5,	3,	4,	and	5	mM).	Data	were	derived	from	experimental	
results	 in	 Figure	 5A.	 Time	 0	 represents	 the	 beginning	 of	 pulses	 at	 different	 glucose	 concentrations.	
Curves	were	overlapped	and	fitted	by	the	exponential	function:	 ,	where	 	

are	 constants	 dependent	 on	 	 and	 	 is	 the	 nanosensor	 time	 constant,	 equal	 to	 67	 s.	 Error	 bars:	

standard	deviation	of	3	ROIs.	 (B)	 Simulation	of	 cytosolic	glucose	 transient	by	Eq.	 (7)	under	 the	 same	
conditions	of	A).	An	enlargement	is	shown	in	the	inset.	
	
 

Materials	and	methods	

Single-layer	microfluidic	chip	fabrication	

The	 microfluidic	 chip	 containing	 the	 cell	 culture	 chambers	 was	 fabricated	 according	 to	

standard	photolithographic	techniques27.	Briefly,	the	silicon	substrate	was	spin-coated	with	

the	negative	photoresist	SU8-2100	(MicroChem,	USA)	to	obtain	a	100-µm	thickness	of	resist	

layer.	 After	 soft	 baking,	 UV	 exposure,	 post-exposure	 baking,	 and	 development	 in	 SU-8	

Developer	 (MicroChem),	 the	mold	was	 hard	 baked	 up	 to	 433	K	 and	 then	 cooled	 to	 room	

temperature.	 Polydimethylsiloxane	 (PDMS)	 (Sylgard,	 Dow	 Corning,	 USA)	 was	 used	 for	

replica	 molding	 in	 the	 ratio	 10:1	 (base:cure	 agent).	 The	 mold	 was	 treated	 with	

chlorotrimethylsilane	 (Sigma-Aldrich,	 Italy)	 vapor	 for	 15	 min	 before	 casting.	 The	

input/output	holes	 on	 the	PDMS	 chip	were	made	using	 a	20G	needle	punch	 (Small	 Parts,	

USA).	 The	 PDMS	 chip	 was	 bonded	 by	 plasma	 treatment	 (Harrick	 Plasma,	 USA)	 onto	 a	

25x60x0.1-mm	borosilicate	glass	 cover	 slip	 (Menzel	Glaser,	Germany).	Medium	reservoirs	

were	 built	 at	 the	 inlet	 and	 outlet	 of	 the	 chip	 by	 adding	 an	 additional	 layer	 of	 PDMS.	

(1 ) exp( / )i iA A t t+ - × -  ( 1...6)iA i =
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Specifically,	 holes	were	made	with	 a	 3-mm	 diameter	 Biopsy	 Punch	 (Integra	 LifeSciences,	

USA)	in	two	25x10x3-mm	PDMS	slices,	and	then	bonded	by	plasma	treatment	on	top	of	the	

main	chip	in	correspondence	to	the	input/output	holes.	

Two-layer	microfluidic	chip	fabrication	

The	 microfluidic	 chip	 containing	 the	 multi-inlet	 system	 required	 two	 molds	 for	 its	

fabrication	 to	 obtain	 a	 two-layer	 PDMS	 chip28.	 The	 former	 had	 25-µm	 round	 channels	

(round	mold),	obtained	 from	SPR	220-7	(Dow	Corning)	after	 reflow	during	 the	hard	bake	

time.	 The	 latter	 had	 25-µm	 square	 channels	 (square	 mold)	 obtained	 from	 SU-8	 2025	

(MicroChem).	PDMS	was	spun	on	the	square	mold	to	obtain	a	50-µm	thickness	layer	using	a	

spin	coater	(Laurell	Technologies,	USA),	and	poured	on	the	round	mold	to	make	a	thick	layer	

(4-5	mm).	The	thicker	PDMS	chip	was	bonded	and	aligned	under	a	microscope	onto	the	thin	

one,	at	the	end	of	the	curing	phase.	The	final	two-layer	chip	was	bound	on	a	25x75x1-mm	

microscope	borosilicate	glass	slide	(Menzel	Glaser).	

Myoblast	cell	line	

C2C12	(ATCC,	Italy),	an	immortalized	murine	myoblast	cell	line,	were	maintained	on	tissue	

culture	 Petri	 dishes	 in	 low-glucose	 Dulbecco’s	 Modified	 Eagle	 Medium	 (DMEM)	 (Sigma-

Aldrich),	 supplemented	with	10%	 fetal	bovine	 serum	(FBS)	 (Life	Technologies,	 Italy),	 and	

1%	 penicillin-streptomycin	 (pen-strep)	 solution	 (Life	 Technologies).	 Before	 confluence,	

cells	 were	 passaged	 with	 Trypsin-EDTA	 0.05%	 (Life	 Technologies)	 and	 seeded	 into	 the	

microfluidic	chip.	Cells	were	maintained	in	a	humidified	incubator	at	37°C	with	5%	CO2.	

Cell	culture	within	the	microfluidic	chip	

Prior	to	cell	seeding,	microfluidic	channels	and	cell	culture	chambers	within	the	chip	were	

filled	 with	 4°C-cold	 Matrigel®	 (Becton-Dickinson,	 USA)	 5%	 in	 DMEM,	 incubated	 at	 room	

temperature	 for	 at	 least	 1	 hour,	 and	 washed	 with	 DMEM.	 A	 cell	 suspension	 was	 then	

introduced	 in	 the	 microfluidic	 chambers	 in	 order	 to	 obtain	 a	 seeding	 density	 of	 250	

cell/mm2.	After	1-hour	incubation	at	37°C	and	5%	CO2,	culture	medium	was	added	drop	by	

drop	 into	 the	 reservoirs	 to	 prevent	 evaporation	 in	 the	 culture	 chamber	 and	 the	 whole	

culture	system	was	placed	in	the	incubator.	Medium	changes	were	performed	every	24	h,	by	

adding	 fresh	medium	in	 the	 inlet	reservoir	and	aspirating	 from	the	outlet	using	a	vacuum	

pipette.	 Myoblast	 differentiation	 into	 myotubes	 occurred	 spontaneously	 once	 myoblasts	

reached	confluence.	
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Immunofluorescence	analyses.	

Myoblast	 differentiation	 was	 verified	 by	 immunofluorescence	 analysis	 for	 Myosin	 Heavy	

Chain	 II	 (MHC	 II),	 as	previously	described29.	Briefly,	C2C12	myotubes	were	 fixed	with	2%	

PFA	(Sigma-Aldrich)	for	7	min,	permeabilized	with	0.5%	Triton	X-100	(Sigma-Aldrich)	and	

blocked	 in	 2%	 horse	 serum	 (Life	 Technologies)	 for	 45	min	 at	 room	 temperature.	 Mouse	

monoclonal	primary	antibody	against	MHC	II	(Sigma-Aldrich)	was	applied	for	1	h	at	37	°C,	

followed	 by	 incubation	 with	 the	 Alexa488	 fluorescence-conjugated	 anti-mouse	 IgG	

secondary	antibody	(Life	Technologies)	for	45	min	at	37°C.	Nuclei	were	counterstained	with	

Hoechst	(Life	Technologies)	and	samples	maintained	in	PBS	during	fluorescence	microscopy	

analysis.	

Glucose	uptake	measurements	

DMEM	having	3-	to	13-mM	glucose	concentrations	was	obtained	by	mixing	25-mM	glucose	

and	 glucose-free	 DMEM	 media	 (Life	 Technologies)	 in	 different	 ratios.	 DMEM	 was	 then	

supplemented	with	10%	FBS	and	1%	pen-strep,	and	conditioned	overnight	in	the	incubator.	

Using	 a	 sterile	plastic	 syringe	 (Becton-Dickinson),	 conditioned	medium	was	used	 to	wash	

four	0.02"	ID	Tygon®	tubes	(Cole-Palmer,	USA).	Each	tube	was	then	connected	at	one	end	to	

a	100-µL	Hamilton	syringe	(Hamilton,	USA)	pre-loaded	with	conditioned	medium,	and	at	the	

other	end	to	 the	microfluidic	chip	 inlet	 through	a	21G	stainless-steel	needle	(Small	Parts).	

Hamilton	syringes	were	set	up	on	a	syringe	pump	(Harvard	Apparatus,	USA)	and	perfusion	

started	 at	 flow	 rates	 in	 the	 range	 0.0125-0.5	 µL/min.	 At	 the	 outlets	 of	 the	 microfluidic	

chambers,	 needles	 were	 inserted	 to	 facilitate	 medium	 collection	 at	 different	 time	 points.	

Medium	samples	of	0.6-μL	volume	were	analyzed	off-line	with	FreeStyle	Lite®	glucometer	

and	strips	(Abbott	Diabetes	Care,	Italy)	to	measure	glucose	concentration	 .	

Cell	transfections	

Plasmid	pcDNA3.1-FLIPglu-600μΔ13V,	previously	developed	in	our	lab17,	was	amplified	and	

purified	 by	 GenEluteTM	 HP	 Plasmid	 MaxiPrep	 Kit	 (Sigma-Aldrich).	 At	 the	 time	 of	

transfection,	 two	 solutions	 were	 prepared:	 (1)	 0.2	 µg	 DNA	 in	 25	 µL	 Opti-MEM®	 (Life	

Technologies),	and	(2)	1.5	µL	Lipofectamine	in	25	µL	Opti-MEM.	They	both	were	incubated	

for	5	min	at	room	temperature,	mixed	together	and	incubated	for	another	20	min	at	room	

temperature.	The	final	transfection	solution	was	then	prepared	adding	100	µL	of	Opti-MEM	

to	 the	previous	mixed	solution.	Part	of	 this	 transfection	solution	was	used	 to	suspend	 the	

OUTG



 
	
	

21	
 

cells	to	be	seeded	at	a	concentration	of	5000	cell/µL	into	the	microfluidic	chip.	Cells	adhered	

to	the	surface	in	about	30	min.	The	remaining	solution	was	used	to	change	the	transfection	

solution	within	the	chip	every	hour	until	the	end	of	transfection	(5	h).	Then,	culture	medium	

was	injected	into	the	chip.	

FRET	image	acquisition	and	analysis	

Imaging	 was	 performed	 24-48	 h	 after	 transfection	 at	 the	 inverted	 microscope	 IX81	

(Olympus,	 Italy)	with	a	40X/1.30	oil	 immersion	objective	(Olympus).	The	microscope	was	

equipped	with	a	CCD	camera	(SIS	F-View),	an	illumination	system	MT20	(Olympus),	and	a	

beam-splitter	 optical	 device	 (Multispec	 Microimager;	 Optical	 Insights).	 Dual	 emission	

intensity	ratio	was	simultaneously	recorded	using	cellR	2.0	software	(Olympus)	after	both	

excitation	at	430/25	and	500/20	for	the	two	emission	filters	(470/30	CFP	and	535/30	for	

YFP).	Images	were	acquired	within	the	linear	detection	range	of	the	camera	at	intervals	of	

20	s	for	up	to	1	hour.	Exposure	time	was	set	to	200	ms.	All	experiments	were	carried	out	at	

room	temperature.	

Acquired	FRET	images	were	analyzed	as	previously	reported17,	with	spectral	bleed-through	

(SBT)	and	baseline	correction	using	polynomial	 fit.	The	analysis	produced	 the	normalized	

baseline-corrected	FRET	index,	 .	

FRET	experiments	

During	FRET	image	acquisition,	perfusion	through	the	cell	culture	chamber	was	performed	

at	4	µL/min.	Cells	were	imaged	in	DPBS	with	calcium	and	magnesium	1X	(Life	Technologies)	

with	 added	 different	 glucose	 concentrations	 (Sigma-Aldrich).	 A	 microfluidic	 multi-inlet	

system	was	placed	upstream	of	the	culture	chamber	and	connected	by	a	vertical	5-cm	long	

PEEK	 tube,	 having	 inner	 diameter	 of	 65	 µm	 (IDEX,	 USA),	 to	 produce	 the	 pressure-driven	

flow.	 This	 system	 allowed	 switching	 between	 up	 to	 9	 different	 glucose	 concentrations	

during	 an	 experiment	 by	 controlling	 valve	 opening	 and	 closing	 via	 LabView	 software	

(National	 Instruments,	 Italy).	 Cyclic	 pulses	 of	 different	 glucose	 concentrations	 were	

alternated	with	glucose-free	infusion	every	4	min.	

Determination	of	cytosolic	glucose	concentration	

The	normalized	baseline-corrected	FRET	index,	 ,	was	used	to	calculate	glucose	saturation,	

,	of	FRET	nanosensor	by	the	following	expression:	

r

r

S
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	 ,	 (2)	

where	 	represents	FRET	 index	under	glucose-free	conditions,	and	 	 the	 index	under	

high	 glucose	 concentrations	 at	 sensor	 saturation.	 Steady-state	 cytosolic	 glucose	

concentration,	 ,	 is	 then	obtained	using	the	glucose	dissociation	constant,	 ,	equal	 to	

0.59	mM	from	previous	nanosensor	calibration17:	

	 .	 (3)	

Three-dimensional	mathematical	model	

A	3D	mathematical	model	was	developed	to	describe	fluid	dynamics	and	mass	transport	in	

the	experimental	 system.	The	system	geometry	 included	 the	cell	 culture	chamber	and	 the	

inlet	 and	 outlet	 microfluidic	 channels.	 Geometric	 dimensions	 matched	 those	 of	 the	

experimental	 setup.	Because	 of	 the	 system	 symmetrical	 geometry,	 only	 one	half	 of	 it	was	

simulated.	The	velocity	field	in	the	microfluidic	channel	was	obtained	solving	the	continuity	

equation	 and	 the	 equation	 of	motion	 for	 an	 incompressible	Newtonian	 fluid.	 The	 glucose	

concentration	field	was	obtained	by	solving	its	equation	of	continuity.	Glucose	uptake	by	the	

cell	layer	at	the	bottom	of	the	culture	chamber	was	included	in	the	model	as	a	flux	boundary	

condition,	 i.e.	 by	 an	 outward	 homogeneous	 glucose	 flux	 proportional	 to	 glucose	

concentration	 on	 the	 surface.	 The	 proportionality	 constant,	 ,	 was	 obtained	 by	 least-

square	regression	of	glucose	uptake	measurements	and	equal	to	 	m/s.	The	mean	value	

of	 medium	 concentration	 in	 the	 vicinity	 of	 the	 cells,	 ,	 was	 calculated	 by	 numerical	

integration	 of	 glucose	 concentration	 on	 the	 bottom	 surface	 of	 cell	 culture	 chamber.	 The	

model	 was	 implemented	 in	 Comsol	 Multiphysics	 (COMSOL,	 Sweden)	 using	 a	 relative	

tolerance	of	10−6	for	the	solution.	Coarsening	and	refining	the	mesh	space	grid	ensured	that	

the	results	were	independent	of	the	spatial	discretization.		

Single-cell	model	

An	 analytical	 model	 was	 also	 developed	 in	 the	 form	 of	 a	 single-cell	 balance	 equation,	

including	the	flow	of	glucose	across	the	cell	membrane,	 ,	and	that	of	glucose	intracellular	

consumption	through	glycolysis,	 :	

	 ,	 (4)	
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where	 		represents	glucose	concentration	in	the	cytoplasm,	 is	time,	and	 	represents	

the	 intracellular	 volume	where	 glucose	 is	 phosphorylated.	We	 assumed	 	 	 equal	 to	 the	

cytosolic	 volume,	 as	 studies	 on	hexokinase	 exclude	 a	 nuclear	 localization	 for	 this	 enzyme	

under	normal	conditions	18,30.	At	steady-state,	the	term	on	the	left	hand	side	of	(4)	is	null.	

The	first	flow	rate	on	the	right	hand	side	is	expressed	as:	

	 ,	 (5)	

where	 	 is	 the	 overall	mass	 transfer	 coefficient	 and	 	 represents	 the	 cell	 surface.	 The	

second	 flow	 rate,	 due	 to	 glucose	 phosphorylation	 by	 hexokinase	 enzyme,	 is	 given	 by	 the	

following	expression:	

	 ,	 (6)	

	where	 	is	the	reaction	kinetic	constant.	

After	 substitution	 of	 Eqs.	 (5)	 and	 (6),	 cytosolic	 glucose	 concentration,	 ,	 after	 a	 step	

change	from	0	to	 ,	is	obtained	by	Eq.	(4):	

	 ,	 (7)	

	

where	 ;	and	steady-state	glucose	concentration,	 ,	is	then:	

	 .	 (8)	

Overall	mass	balance	

A	macroscopic	mass	balance	was	performed	considering	the	whole	culture	chamber	as	the	

system	 of	 interest.	 The	 overall	 glucose	 uptake,	 ,	 by	 the	 cell	 population	 is	 given	 by	 the	

following	expression:	

	 ,	 (9)	

where	 	 is	 medium	 flow	 rate,	 	 and	 	 are	 glucose	 concentrations	 at	 the	 inlet	 and	

outlet	 of	 the	 chamber,	 respectively.	 At	 steady	 state,	 flow	 rates	 are	 equals	 and	 these	

equalities	hold:	

	 ,	 (10)	

where	 	 represents	 the	number	of	 cells	 in	 the	 culture	 chamber.	 Combining	Eqs.	 (5),	 (6)	

and	(10),	the	following	expression	is	obtained:	

cytG t cV

cV

( )m m c m cytF k S G G= × × -

mk cS

g g c cytF k V G= × ×

gk

cytG

ING

( )( )( )
'

'
'( ) 1 expm

cyt m g IN
m g

kG t k k t G
k k

= × - - + × ×
+

' /m m c ck k S V= × ,cyt ssG

'

, '
m

cyt ss m
m g

kG G
k k

= ×
+

U

( )IN OUTU V G G= × -!

V! ING OUTG

c m c gU N F N F= × = ×

cN



 
	

24	
 

	 .	 (11)	

Conclusions	

We	 developed	 a	 methodology	 for	 quantitatively	 dissecting	 the	 kinetics	 of	 glucose	

intracellular	 transport,	 single-cell	 uptake	 and	 phosphorylation	 kinetics	 in	 live	 myoblasts.	

We	 took	 advantage	 of	 multiple	 technologies:	 a	 microfluidic	 system	 that	 enhances	 cell	

microenvironment	dynamic	control	and	measurement	sensitivity,	a	FRET-based	nanosensor	

that	measures	cytosolic	glucose	in	live	cells	with	high	spatial	resolution,	and	mathematical	

modeling	to	assist	data	interpretation.	

We	used	this	procedure	to	analyze	glucose	metabolism	in	myoblasts,	accurately	determining	

single-cell	 kinetics	 of	 glucose	 flow	 through	 cell	 membrane	 and	 phosphorylation.	 In	

particular,	 we	 found	 the	 following	 results	 in	 myoblasts	 under	 physiological	 glucose	

concentrations:	 (1)	 steady-state	 cytosolic	 glucose	 concentration	 is	 only	 12%	 of	 the	

intracellular	 concentration	 in	 the	 immediate	 vicinity	 of	 cell	 membrane;	 (2)	 intracellular	

glucose	phosphorylation	is	7.4	times	faster	than	glucose	transport	through	cell	membrane;	

(3)	 the	 characteristic	 times	 of	 transport	 and	 phosphorylation	 are	 3.7	 s	 and	 0.5	 s,	

respectively;	 (4)	 the	 time	required	 for	a	cell	 to	reach	a	new	steady	state	after	a	change	 in	

extracellular	glucose	concentration	is	approximately	2	s;	(5)	within	the	intracellular	context	

hexokinase	has	a	1st-order	kinetics	also	at	higher	glucose	concentrations	compared	to	what	

was	previously	known	from	studies	performed	with	the	purified	enzyme.		

We	 also	 found	 that	 FRET-based	 nanosensor	 FLIPglu-600μΔ13V	 can	 be	 used	 for	 dynamic	

cytosolic	measurements	only	 indirectly	via	mathematical	modeling,	as	 its	kinetics	 is	much	

slower	 than	 those	of	 cellular	 glucose	handling	processes.	However,	 through	mathematical	

modeling,	 it	 can	 be	 successfully	 used	 for	 very	 accurate	 measurements	 of	 intracellular	

kinetics	under	physiological	conditions,	once	its	measurement	is	coupled	with	the	detection	

of	glucose	uptake.		

A	 very	 relevant	 perspective	 of	 this	 work	 is	 the	 extension	 of	 glucose-related	 processes	

dissection	to	different	biological	systems	involved	in	metabolic	 impairments.	 In	particular,	

live	 myotubes	 are	 phenotypically	 more	 similar	 to	 skeletal	 muscle	 in	 vivo,	 compared	 to	

myoblasts.	 We	 were	 able	 to	 efficiently	 differentiate	 myoblasts	 within	 the	 microfluidic	

culture	chamber,	obtaining	myotubes	showing	a	mature	sarcomeric	organization	(Figure	7).	
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Currently,	direct	transfection	of	myotubes	with	the	FRET	nanosensor	resulted	too	inefficient	

for	 reliable	 measurements.	 However,	 transfecting	 them	 using	 a	 different	 vector	 for	

constitutive	expression,	such	as	a	lentivirus	encoding	the	nanosensor,	could	overcome	this	

limitation	and	extend	the	applicability	of	the	methodology.	

	

Figure	 7.	Differentiated	myotubes	 within	 the	microfluidic	 culture	 chamber.	 (A)	 Immunofluorescence	
analysis	of	myotubes	derived	from	murine	myoblasts	after	7	days	of	differentiation.	Red:	myosin	heavy	
chain	 II,	blue:	Hoechst	 for	nuclei.	 (B-C)	Enlargement	of	myotubes	 in	 (A),	bright	 field	and	 fluorescence	
images	highlighting	the	sarcomeric	structure.	Scale	bar:	50	μm.	
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Figure	S1.	Fluid	dynamics	study	using	the	developed	3D	model.	 (A)	Simulation	of	 the	velocity	 field	at	
steady	 state	 in	 the	median	 plane	 (z	 =	 H/2)	 of	 the	 culture	 chamber.	 Flow	 rate	was	 0.05	 μL/min.	 (B)	
Velocity	magnitude	during	the	step	change	in	flow	rate	from	0	to	0.05	μL/min.	a,	b,	c,	and	d,	refer	to	the	
positions	indicated	in	A).	
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Figure	S2.	Study	of	the	concentration	profile	within	the	microfluidic	chip	simulated	by	the	developed	3D	
model.	(A)	Same	as	Figure	4C,	with	indicated	the	position	of	points	a,	b,	c,	d	plotted	in	B).	(B)	Glucose	
concentration	along	the	z-direction	at	positions	 indicated	 in	A).	Concentration	was	normalized	by	the	
concentration	at	the	top	of	the	channel	(z	=	H)	in	each	position.	
	

	
Figure	 S3.	 FRET-based	 nanosensor	 saturation	 curve.	 Saturation	 was	 calculated	 by	 Eq.	 (2)	 from	 the	
steady-state	 FRET	 data	 presented	 in	 Figure	 5A.	 Solid	 line	 represents	 the	 results	 of	 least-square	 data	
fitting	by	a	Michaelis-Menten-like	equation.	

	
Potential	 hexokinase	 enzymatic	 rate	 modification	 in	 the	 intracellular	
environment	
	
We	considered	the	classical	elementary	steps	of	an	enzymatic	reaction:	

	

where	 	 represents	 glucose,	 	 hexokinase	 enzyme,	 	 the	 enzyme-substrate	 complex,	

and	 glucose-6-phosphate.	Mass-action	kinetic	parameters	are	indicated	as	 ,	 ,	and	

.	

The	Briggs-Haldane	derivation	of	Michaelis-Menten	equation	assumes	 concentration	is	

at	quasi-steady	state,	i.e.	in	mathematical	terms:	

	 	 (S12)	

where	 square	 brackets	 represent	 concentrations.	 Following	 this	 approximation	 the	 well-

known	Michaelis-Menten	equation	is	obtained:	
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	 ,	 (S13)	

where	the	values	of	parameters	 	and	 	are	related	to	the	mass-action	constants	by	

the	following	expressions:	

	 ,	 (S14)	

and	

	 ,	 (S15)	

where	 	is	the	total	(constant)	enzyme	concentration	in	its	bound	and	unbound	states.	

From	Eqs.	(S14)	and	(S15),	the	ratio	of	 	to	 	is	given	by	the	following	relationship:		

	 .	 (S16)	

Under	the	feasible	assumption	that		 ,	Eq.	(S16)	becomes:	

	 .	 (S17)	

Eq.	(S17)	shows	that	under	the	two	simple	assumptions	above,	it	is	possible	to	have	a	linear	

relationship	 between	 	 and	 .	 Assuming	 that,	 compared	 to	 in	 vitro	 enzymatic	

experiments,	the	intracellular	environment	favors	the	production	of	glucose-6-phosphate	by	

speeding	up	 the	 reaction	described	by	parameter	 ,	 this	would	 imply	an	 increase	 in	 	

and	 ,	without	affecting	their	ratio.	

	

Analysis	of	FRET-based	nanosensor	characteristic	time	
We	performed	further	experiments	using	the	FRET-based	nanosensor	to	verify	the	accuracy	

of	 its	 time	 constant	 that	 we	 obtained.	 In	 particular,	 we	 stimulated	 the	 cells	 with	

approximately	 linear	 ramps	 of	 glucose	 concentration	 at	 increasing	 rate	 (Figure	 S4	 A).	
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According	to	the	model	developed,	once	the	rise	in	glucose	concentration	is	faster	than	the	

rate	of	nanosensor	response,	the	nanosensor	responds	at	its	maximum	rate	and	its	half-time	

for	saturation	(t1/2)	is	not	affected	by	a	further	increase	in	the	speed	of	the	ramp	any	more	

(Figure	S4	B).	

The	 experimental	 results	 we	 obtained	 confirm	 this	 theoretical	 prediction.	 In	 particular,	

Figure	 S4	 F	 shows	 that	 experimental	 results	 are	 in	 agreement	 with	 model	 simulations.	

Below	 about	 100	 min,	 the	 nanosensor	 characteristic	 time,	 the	 half-time	 for	 saturation	

remains	approximately	constant.	

One	would	 say	 that	other	 resistances	 could	be	present	 that	prevent	nanosensor	access	 to	

glucose	as	it	is	intracellular.	However,	we	obtained	the	characteristic	time	of	glucose	uptake	

by	myoblasts	 in	culture,	equal	 to	3.7	s,	 through	repeated	enzymatic	assays	of	medium	out	

flowing	from	the	culture	chamber,	in	a	microfluidic	culture	system	that	enhanced	the	signal-

to-noise-ratio.	 As	 the	 process	 of	 glucose	 transport	 through	 cell	membrane	 is	much	 faster	

than	the	interaction	of	glucose	with	the	nanosensor,	it	is	possible	to	analyze	the	kinetics	of	

the	 nanosensor	 within	 the	 cell,	 because	 the	 cell	 membrane	 transport	 is	 essentially	 not	

affecting	the	measurement.	
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Figure	S4.	Study	of	FRET-based	nanosensor	time	constant.	(A)	Simulated	approximately	linear	ramps	of	
glucose	concentration	of	increasing	rate.	The	step	approximation	mimics	the	inflow	from	the	multi-inlet	
system	 into	 the	 culture	 chamber.	 (B)	 Model	 predictions	 of	 the	 nanosensor	 response	 to	 the	 stimuli	
described	in	(A).	(C)	Image	of	YFP	fluorescence	and	indication	of	the	ROIs	analyzed	in	(D)	and	(E).	(D)	
Experimental	data	of	FRET-based	nanosensor	response	 to	 the	glucose	concentration	profile	 indicated.	
(E)	 Analysis	 of	 the	 transient	 of	 FRET	 index	 decay	 following	 an	 increase	 in	 glucose	 concentration	 as	
shown	 in	 (D).	Error	bars	 indicate	 the	 standard	deviation	 calculated	 from	 the	3	ROIs.	 (F)	Comparison	
between	the	half-time	for	sensor	saturation	obtained	by	experimental	data	and	model	simulations.	The	
experiment	was	repeated	twice.	



 
	

32	
 

 
Figure	S5.	Effect	of	 verapamil	 stimulation	on	cell	 response	 to	glucose.	Normalized	baseline-corrected	
FRET	index,	r,	as	a	function	of	time	during	repeated	pulses	of	1.5-mM	glucose	concentration,	in	presence	
or	 absence	 of	 glucose	 transport	 inhibitor,	 verapamil	 (150	μM).	 Removal	 of	 verapamil	 after	 2	 glucose	
pulses	shows	the	inhibitory	effect	is	reversible.	Blue	and	green	dots	refer	to	the	signal	from	2	different	
cells.	Flow	rate	was	4	μL/min.	
	


