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Abstract  Typical studies of gastral toxicity of nan-
oparticles are conducted using radio labeling. This 
tends to be quite expensive and difficult owing to both 
the required protocols for working with these materi-
als and also the expense of both the chemical reagents 
and dedicated instrumentation. A possible alternative 
is fluorescence labeling. Fluorescence is just as sen-
sitive as scintillation, given that scintillation is itself 
a fluorescence measurement and subject to the same 
limitations. However, most fluorophores are sensi-
tive to changes in pH and hydrolysis reactions present 
in most mammalian digestive tracts. Here we report 
the synthesis of a new pH insensitive and hydro-
litically stable fluorophore, 10-(4-(3,5-dichlorophe-
noxy)phenyl)-2,8-diethyl-5,5-difluoro-1,3,7,9-tetra-
methyl-5  H-4l4,5l4-dipyrrolo[1,2-c:2’,1’-f][1,3,2]
diazaborinine (mDTEB). This fluorophore is based 
on the high quantum yield Boron-dipyrromethene 
(BODIPY) fluorescent center and is equipped with a 

reactive handle for convenient attachment to polysac-
charides. We validate its effectiveness by labelling 
cellulose nano fibers (CNFs) to produce homogene-
ously labelled bright nanofibrils for toxicity studies.

Keywords  Cellulose · Fluorescence · BODIPY · 
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Introduction

Carbohydrate nanomaterials (CNM) have been identi-
fied as an important class of compounds in a growing 
number of applications (Lin et al. 2012; Huang et al. 
2014; Kang et  al. 2015; Lopez-Lopez et  al. 2015; 
Stine 2015). In particular, they have been identified 
in many applications that involve potential CNM 
ingestion, such as in the protection and delivery of 
bioactive compounds and nutrients (Lin et  al. 2012; 
Huang et  al. 2014; Kang et  al. 2015; Lopez-Lopez 
et  al. 2015; Stine 2015), bioconjugation of metal 
nanoparticles for improved biological interfaces (Lin 
et al. 2012; Huang et al. 2014; Kang et al. 2015; Stine 
2015), biosensor design (Lin et al. 2012; Stine 2015), 
wound dressings (Mincea et  al. 2012; Gokarneshan 
2017), tissue engineering (Mincea et al. 2012; Huang 
et  al. 2014; Gokarneshan 2017), food coatings and 
packaging, (Janjarasskul and Krochta 2010; Cazón 
et  al. 2017) and food additives (Neethirajan and 
Jayas 2011; Dickinson 2012; Kaur et  al. 2018). The 
commercialization of these materials often requires 
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knowledge of the absorption, distribution, metabo-
lism, and excretion (ADME) of the material in 
animals.

The U.S. Food and Drug Administration (FDA) 
provides regulatory guidelines on the safety assess-
ment of food ingredients and recommends use of radi-
olabeled materials for ADME and pharmacokinetic 
studies, because radiolabels are relatively easy to 
detect in samples of tissues and body fluids (US FDA 
2007). The radiolabel should be uniformly distrib-
uted in the molecule and should not be biologically 
labile. However, radiolabeling carbohydrate nanopar-
ticles is particularly challenging. Cellulose and starch 
have been labeled by growing plants in radioactive 
nutrients,(Crawford et  al. 1977; Benner and Hodson 
1985) but that requires subsequent processing of the 
radioactive material into the nano form. Obtaining the 
licensing, dedicating the necessary processing equip-
ment, tracking all radioactivity during processing 
steps, and handling the large amount of radioactive 
waste are daunting challenges. Labeling the nanoma-
terials with a small radioactive tag is also challeng-
ing, primarily because most carbohydrates must be 
processed in water to prevent irreversible aggrega-
tion of the particles, which would destroy the desired 
nano-morphology (Dufresne 2013; Visakh and Yu 
2016). As an alternative, fluorescent dyes have often 
been used to track carbohydrate nanoparticles in vivo 
(Zhao and Wu 2006; Dong and Roman 2007; Nielsen 
et  al. 2010; Li et  al. 2011; Zhou et  al. 2014; Foster 
et al. 2018), since they offer the advantages of cova-
lent attachment and detection limits close to that of 
radiolabels.

There have been many studies that utilized fluo-
rescently labeled carbohydrate nanoparticles (Stine 
2015). The use of Rhodamine B derivatives is espe-
cially attractive for biological applications because 
it is relatively photostable, has a high quantum 
yield, readily penetrates cell membranes, and the 
excitation and emission bands are red-shifted com-
pared to most auto fluorescing molecules found in 
nature (Sameiro and Gonçalves 2009; Mottram 
et al. 2012). However, the quantum yield and attach-
ment chemistries are only stable over a narrow pH 
range (Shaw and Walker 1958; Sadkowski 1978; 
Bourne et al. 1984; Banks and Paquette 1995; Sahu 
et  al. 2011; Sunasee 2014), leading to challenges 
in digestive studies where the pH ranges from 1.5 
in the stomach to about 9 in the colon. (Xu et  al. 

2015) Therefore, the only viable (stable) attachment 
chemistries for digestive studies are amide bonds 
(Smith and Hansen 1998) and ether bonds (Ranu 
and Bhar 1996). The amide linkage requires either 
an amine or a carboxylic acid functionality on the 
carbohydrate. Although these are present on some 
polysaccharides, such as chitin, chitosan, and alg-
inic acid, they are absent on polysaccharides such 
as cellulose and starch. Amine functionalization of 
cellulose requires multiple reaction and purifica-
tion steps, and often significantly changes the sur-
face chemistry of the carbohydrate (Cellulose and 
Cnc 2019). The ether bond can be formed using 
fluorescent dyes with dichlorotriazine functionality. 
These have been used extensively to functionalize 
nanocellulose (Dong and Roman 2007) and starch 
(Hong and Huber 2015). However, there are only 
two that are commercially available: 5-(4,6-Dichlor-
otriazinyl) aminofluorescein (DTAF) and Texas Red 
C2-dichlorotriazine (TR). DTAF, which is based on 
a fluorescein structure is not photostable and the 
quantum yield is largely dependent on the pH of the 
medium. TR is much more photo and pH stable, but 
it has a very low quantum yield. So, there is a need 
for new hydroxyl-reactive fluorescent dyes to ena-
ble reliable ADME and pharmacokinetic studies of 
polysaccharides.

Boron-dipyrromethene (BODIPY) dyes are a very 
popular choice for biological applications (Ulrich 
et  al. 2008; Sameiro and Gonçalves 2009; Banue-
los-Prieto and Llano 2018). Most BODIPY dyes 
have high quantum yields, are photostable, have 
environment-independent quantum yields, are rela-
tively chemically stable, are of low toxicity, and can 
be structurally modified to generate a desired excita-
tion wavelength. Due to their high stability and great 
chemical versatility, BODIPY are great candidates for 
the synthesis of a carbohydrate nanoparticle specific 
label.

In this study, we report on the synthesis of a new 
BODIPY dye (mDTEB) designed to chemically 
attach to polysaccharides and which addresses the 
issues discussed above. The BODIPY core was modi-
fied with ethyl groups (see Scheme  1) to present a 
chemically stable periphery to aqueous media and to 
inhibit attacks on the redox sites and the electrophilic 
sites of the indacene core. The purified product was 
characterized using solution NMR and fluorescence 
measurements. The dye was used to label cellulose 
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nanofibrils (CNFs) which were characterized using 
fluorescence lifetime imaging microscopy (FLIM).

Experimental

Materials

All reagents were purchased from Sigma Aldrich and 
used as received except where specified. Methylene 
chloride was dried using a solvent purification sys-
tem. Wood based cellulose nanofibrils were obtained 
from the University of Maine and used as received 
(AR-CNFs) or autoclaved at 100 °C in base to remove 
surface lignin fragments (AC-CNFs). The AR-
CNFs were extracted from bleached softwood using 
mechanical grinding and ultra-refining methods. They 
are supplied as a 3% by mass aqueous slurry and con-
tain 90% dry mass fines with a nominal fiber width 
of 50 nm and variable lengths of up to several hun-
dred microns. Prior analysis has shown that they have 
a specific surface energy of 13 m2/g (iGC), surface 
energies of gd = 48 mJ/m2 and g+/− = 4.5 mJ/m2, sur-
face charge of −35.6 mV (ZP), and a residual lignin 

content of 1.60% by mass insoluble lignin and 0.82% 
by mass soluble lignin (Patel et al. 2021).

Fluorescence lifetime imaging microscopy

FLIM was conducted on a custom build microscope 
at the National Institute of Standards and Technol-
ogy (NIST). The excitation was performed using a 
Ti-Sapphire laser with a pulse width of 140 fs passed 
through SHG frequency doubling optics that emit-
ted at 514  nm with an average pulse power of 0.5 
µW. The sample excitation used an air objective with 
a numerical aperture of 0.75. The images were col-
lected by raster scanning the laser focus using an 
X–Y piezo stage. The resulting fluorescence was col-
lected through the same objective and sent to single 
photon counting modules (Becker and Hickl) for life-
time measurements through a notch filter to remove 
excitation light. The images were then analyzed using 
SPCImage NG software package and thresholded at 
50 counts to remove background noise. The decay 
curves were fit using an algorithmically estimated 
IRF for each pixel. Phasors were generated using the 
time domain methodology with Eqs. (1 and 2), where 
g(ω) and s(ω) are x and y coordinates of a cartesian 

Scheme  1   Synthesis of mDTEB: (1) Synthesis of PPB using a one pot, four step synthesis. (2) Reaction of PPB with trichlorotria-
zine to form mDTEB



6102	 Cellulose (2023) 30:6099–6107

1 3
Vol:. (1234567890)

plot. The phasors were then exported and replotted 
using Origin Pro 2019.

 where ω is the angular repetition frequency of the 
excitation source; n is the harmonic frequency, I(t) 
the decay at each time in each pixel.

Dye synthesis

Synthesis of 4‑(2,8‑diethyl‑5,5‑difluoro‑1,3,7,9‑tetra-
methyl‑5 H‑4l4,5l4‑dipyrrolo[1,2‑c:2’,1’‑f][1,3,2]
diazaborinin‑10‑yl)phenol (PPB)

PPB was synthesized using a modified proce-
dure common to the literature (Baruah et  al. 2005). 
4-hydroxy benzaldehyde (219.0  mg, 1.79 mmol) 
and freshly distilled 3-ethyl-2,4-dimethylpyrrole 
(379.8  mg, 3.42 mmol) were dissolved in 5 mL of 
methylene chloride under nitrogen atmosphere. One 
drop of trifluoroacetic acid (TFA) was added and the 
reaction was stirred for 1.5  h after TLC confirma-
tion of aldehyde consumption. Then, 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ, 488.0  mg, 
2.5 mmol) dissolved in 5 mL methylene chloride 
was added to the solution through a purged syringe. 
The reaction was stirred for 1  h. The reaction flask 
was lowered into an ice bath and equilibrated at 0 
°C. Diisopropylethylamine (2.55  g, 17.9 mmol) was 
added using a purged syringe dropwise and the reac-
tion was stirred for 0.5 h. While still in the ice bath, 
boron trifluoride etherate (2.32  g, 17.9 mmol) was 
added dropwise using a syringe, due to the presence 
of an exotherm. The reaction was stirred for 10 h. The 
reaction mixture was dispersed in 100 mL methylene 
chloride and washed three times with 100 mL satu-
rated aqueous sodium bicarbonate, followed by three 
100 mL washes with deionized water. The organic 
layer was dried over anhydrous sodium sulfate. PPB 
was isolated via column chromatography as a vibrant 
red solid with silica gel as the stationary phase and 

(1)S
i(�) =

∫ ∞

0
I(t)sin(n�t)dt

∫ ∝

0
I(t)dt

(2)G
i(�) =

∫ ∝

0
I(t)cos(n�t)dt

∫ ∝

0
I(t)dt

chloroform/ethyl acetate/hexanes (v:v, 1:1:3) solvent 
as mobile phase in a 25% yield. 1HNMR: (CDCl3): 
δ (ppm) 7.1 (m, 2  H, aromatic), 6.9 (m, 2  H, aro-
matic), 2.5 (3 H, S, CH3), 2.3 (4 H, q, CH2), 2.2 (3 H, 
S, CH3), 1.3 (9 H, S, CH3), 1.0 (3 H, t, CH3). Mass 
Spec, +M 396.4.

Synthesis of 10‑(4‑(3,5‑dichlorophenoxy)
phenyl)‑2,8‑diethyl‑5,5‑difluoro‑1,3,7,9‑tetrame-
thyl‑5 H‑4l4,5l4‑dipyrrolo[1,2‑c:2’,1’‑f][1,3,2]diaza-
borinine (mDTEB)

PPB (10  mg, 18.3 µmol) and potassium carbonate 
(10 mg, 72.0 µmol) were placed in dry THF (2 mL) 
in a two necked round bottom flask under an argon 
atmosphere. The flask was lowered into an ice bath 
and allowed to stir for 30 min. Cyanuric chloride dis-
solved in dry THF (1 mL) was added using a purged 
syringe dropwise to the reaction mixture. The reac-
tion was stirred for 10 h. The mDTEB was isolated by 
column chromatography using acidic alumina as the 
stationary phase and hexanes/ethylacetate (v:v 1:1) as 
the mobile phase. The dye structure was confirmed 
using 1H NMR and used immediately to functional-
ize the cellulose. 1HNMR: (CDCl3): δ (ppm) 7.2 (m, 
2 H, aromatic), 6.6 (m, 2 H, aromatic), 2.5 (3 H, S, 
CH3), 2.3 (4 H, q, CH2), 2.2 (3 H, S,CH3), 1.3 (9 H, 
S, CH3), 1.0 (3 H, t, CH3).

Cellulose labeling

Attachment of mDTEB to CNF

Cellulose nanofibrils (CNFs with 97 mass% water) 
from the University of Maine (4.5 g of dry wt.) were 
added to Na2CO3 solution (150 mL 50 mM) and 
stirred for 30  min. An additional 100 mL of water 
was added to facilitate stirring. mDTEB (2 mg) was 
dissolved in 500 µL of acetone, then added to the 
alkaline CNF suspension and stirred for 72  h in the 
dark at room temperature. When the reaction was 
completed, the modified CNFs were isolated by cen-
trifugation (500  rad/s (5000  rpm) for 20 min). After 
centrifugation, the excess of mDTEB was removed 
by washing labeled CNFs with 3 × 100 mL of an ethyl 
acetate – water mixture. Purification was carried out 
using a Speed Mixer (DAC 400 Mixer range, Flack-
Tek INC, US) at 157rads/s 1500 rpm for 10 min fol-
lowed by centrifugation at 4000 rpm for 10 min. The 
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purification step was repeated until no fluorescent 
signal was detected in the washing liquor. The CNFs 
were resuspended in water and repeatedly centrifuged 
until the ethyl acetate was completely removed. The 
labeled CNFs were analyzed using a NIST built, time 
correlated, single photon counting FLIM instrument 
utilizing a femtosecond Ti-sapphire laser. Samples 
were excited using 514 nm laser light. An air objec-
tive with a numerical aperture of 0.9 was used for 
imaging. The FLIM images were acquired by build-
ing up fluorescence decay curves at each pixel. The 
decay curve was subsequently fit using a single or 
multi exponential to determine the lifetime at that 
pixel. The images presented are 30 μm × 30 μm (256 
pixels × 256 pixels) with an integration time of 40 
ms/pixel.

Results and discussion

Using the mDTEB discussed above and the method 
shown in Scheme 2, labelled CNFs were initially pre-
pared using as received CNFs, designated mDTEB-
AR-CNFs. Since FLIM is often used to confirm dye-
functionalization of biopolymers, it was employed 
here (Wyatt et al. 1987; Fujimoto et al. 1994; Uversky 
et al. 1996). Comparison of the data before and after 
the mDTEB reaction shows very little change in both 
the FLIM images (Fig. 1D vs. Fig. 1E) or the phasor 
plots (Fig. 1A vs. Fig. 1B). This is further confirmed 
by examination of the lifetime distributions shown in 
Fig. 2, where the distribution peak for the AR-CNFs, 
from the autofluorescence of lignin on the AR-CNFs, 
appears similar to the lifetime distribution peak after 

treatment with mDTEB (mDTEB-AR-CNFs). We 
suspected that lignin contained on the AR-CNFs sur-
face was interfering with the cellulose alcohol reac-
tion with mDTEB, and that the lignin was quenching 
any mDTEB which had attached to either the cellu-
lose or the lignin itself. Studies of the chemical modi-
fications of wood have shown a very high reactivity 
of the lignin present in the wood (Tjeerdsma and 
Militz 2005; Iwamoto et al. 2019). This is due to the 
multiple diverse structures of lignin which are more 
reactive than the aliphatic alcohols of cellulose. Fur-
thermore, it has been shown that lignin undergoes a 
self-quenching mechanism (Coletta et al. 2013).

Indeed, autoclave cleaning (105  °C, 15  min, 
0.1  M aq NaOH) of the CNFs, which removes the 
lignin (designated AC-CNFs) and the autofluores-
cence, followed by reaction with mDTEB did pro-
duce the expected enhancement in fluorescence. 
This is clear from comparison of the FLIM images 
in Fig. 1F to that in Fig. 1D or Fig. 1E. The success-
ful attachment of mDTEB to the AC-CNFs is fur-
ther supported by the lifetime distributions shown 
in Fig.  2, where the peak intensity for mDTEB-
AC-CNFs is an order of magnitude greater and the 
average lifetime is more than doubled (1.5 ns vs. 
3.5 ns). In addition, the data for mDTEB-AC- CNF 
fluorescence lifetime decay curve only requires a 
single exponential fit, and the phasor plot data for 
mDTEB-AC- CNFs appears at the universal semi-
circle at about 3.5 ns (note the tight clustering of 
the red pixels, Fig.  1C. The single exponential fit 
and the clustering of the pixels on the universal 
semicircle is characteristic of fluorophores in very 
similar environments. In addition, the FLIM image 

Scheme  2   mDTEB was dissolved in acetone (4 mg/mL) and added to a stirring dispersion of CNFs in a 1 mmol solution of aqueous 
sodium carbonate
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in Fig. 1D of the labeled clean CNFs shows uniform 
labeling (green color), thus confirming covalent 
attachment.

The possibility that a large portion of the dye could 
be removed during ADME or pharmokinetic stud-
ies (i.e., in the biochemical environment mDTEB 
attached to lignin could be seperated from the CNFs) 
is an additional concern. This would produce errone-
ous results. To confirm this possibility, we autoclaved 
the mDTEB-AR-CNFs at pH 13, to produce AC-
mDTEB-AR-CNFs (see SI Figure 3a) and found that 
the sample was no longer fluorescent. However, the 
same autoclaving of the mDTEB-AC-CNFs produced 
a sample (AC-mDTEB-AC-CNFs) with persistent flu-
orescent (see SI Figure 3b). This implies that for AR-
CNFs, the mDTEB reacted with surface lignin, rather 
than the cellulose, and was removed with the lignin 
during the autoclaving process. It further reinforces 
the need to label cellulose after autoclaving with base 
treatment to enhance the targeting of cellulose alco-
hols. Clearly, the impact of the lignin is significant 
regarding labeling efforts targeted at cellulose.

 

F
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Fig. 1   Phasor plots for as received cellulose nanofibers (A), 
mDTEB functionalized as received CNFs (B), and autoclaved 
CNFs labeled with mDTEB (C). False colored fluorescence 
lifetime maps for as received CNFs (D), mDTEB functional-

ized as received CNFs (E), and autoclaved CNFs functional-
ized with mDTEB. The false color scale is shown below the 
images. Images thresholed at 50 counts to remove background 
noise

Fig. 2   Average fluorescence lifetime distributions for AR-
CNF, mDTEB-AR-CNFs, and mDTEB-AC-CNFs. AR-CNFs 
and mDTEB-AR-CNFs both required a double exponen-
tial fit indicating two component lifetimes (See Figure S.I. 
1). mDTEB-AC-CNFs was fit with a single exponential and 
showed much stronger fluorescence indicating a homogeneous 
dye environment and covalent attachment
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As mentioned previously, there is a need for pH 
stable and pH insensitive dyes that can be cova-
lently bound to polysaccharides for ADME and 
pharmacokinetic studies. This agnostic nature 
needs also extend to the chemistry binding the dye 
to the CNF. It is also desirable that these dyes have 
absorbances and emissions outside that found in 
biological systems. As can be seen in Fig. 3A, the 
absorbance peak of mDTEB is at 514 nm with the 
emission peak at 540  nm. The narrow stoke shift 
(36  nm) is typical of the Bodipy family of dyes. 
The alkylation of the core indacene ring structure 
at the 1, 2, 3, 5, 6 and 7 positions, red shifts the 
absorbance and emission of the dye and sterically 
protects the electrophilic centers at these positions. 
This may also aid in the inhibition of oxidation. To 
evaluate the pH effect on fluorescence of mDTEB-
AC-CNFs the emission intensity of mDTEB 
labeled CNF was monitored as a function of pH 
(Fig.  3B). The observed intensity did not vary 
significantly with changes in pH. The dyed CNFs 
remained stable at pH values ranging from 2 up to 
a pH of 10. This is well within the range found in 
biological settings as well as in the gastral tracts of 
most mammals.

Conclusions

A new dye was synthesized with a Bodipy core 
(mDTEB) that is reactive with CNFs, forms an ether 
type bond with alcohols and is stable to a wide range 
of pH values. Although used for nanocellulose in this 
study, it can be used to label a wide range of carbo-
hydrates, including starch, alginates, and dextrans. In 
addition, the green emission at 540 nm is red shifted 
from most biologically auto-fluorescing species and 
is insensitive to pH. The presence of lignin can con-
found the labeling of cellulose as well as diminish the 
fluorescence signal from the dye. Removal of surface 
lignin or lignin fragments prior to labeling is essential 
for both a durable bond and strong signal. This dye 
system shows characteristics that make it a great can-
didate for ADME and pharmacokinetic studies.
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as a function of pH for mDTEB labeled CNFs
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