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a b s t r a c t 

The absorption of peptides and proteins delivered orally is minimum because of the 

intestine epithelial barrier. There are few known active transport mechanisms for 

macromolecules including the neonatal Fc Receptor (FcRn) for the absorption and secretion 

of IgGs in infant and adult intestine. We had previously described the FnAb-8 protein that 

could bind to hFcRn tightly at pH 6.0 but barely at pH 7.4. In this study, we examined its 

uptake, biodistribution and pharmacokinetics after peroral administration in both wild-type 

and human FcRn transgenic (Tg) mice. FnAb-8 was modified to contain trans-cyclooctene 

(TCO) which could interact with 

18 F labeled tetrazine in situ via the bioorthogonal inverse- 

electron-demand Diels −Alder reaction. We showed that FnAb-8 had a tendency to distribute 

and persist in the Tg mice intestine for an extended duration of time. It could also be 

absorbed into the circulation and distributed systemically over a long period of time up 

to 172 h. The improvement in oral uptake and concentration in the intestine tissue may be 

valuable for designing oral delivery of biopharmaceuticals, especially for diseases involving 

the gastric intestinal tissue. 

© 2020 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

he neonatal Fc receptor (FcRn) was initially identified to be 
ighly expressed on epithelial cells in the proximal small 

ntestine in newborn rodents [1–3] . They are considered 

ritical for the unidirectional transport of high fraction 

 ∼30%) of maternal IgG from suckled milk to the bloodstream 

4] . But after weaning, the expression levels of FcRn decrease 
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rastically in rodents, while in human and nonhuman 

rimates, there are still considerable levels of FcRn found in 

he intestines and the proximal colon [5 ,6] . 
Based on these observations, oral absorption of 

acromolecular drugs via FcRn mediated transport 
echanism was explored [7] . Muzammli et al. studied full- 

ength mAbs given by endoscopic delivery to the intestine 
n primate models [8] . They observed detectable systemic 
xposure, but the plasma concentrations were below the 
rsity. 
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desirable therapeutic level. Claypool et al. modified the IgG
Fc sequence to enable tighter binding to FcR at pH 6.0 and
observed transcytosis through human intestinal cells [9] .
Our lab reported a single-chain antibody fragment (scFv)
FnAb-8 that could bind to hFcRn with higher affinity than
IgG at pH 6.0 but similar or lower affinities than IgG at pH
7.4 [10] . Considering the slightly acidic gastric environment
in maternal IgG transport in duodenum, we think FnAb-8
may also be able to bind to intestinal epithelial cells and be
endocytosis. After endocytosis, they may again escape the
fate of lysosome degradation and be recycled back to cell
surfaces both ways. 

But the characterization and quantification of the
macromolecule delivery process have been difficult.
Muzammli et al. used endoscopic delivery of enteric coated
capsules in primates in order to control IgG release at
the ileum but the measured plasma concentrations were
still highly variable [8] . In this study we propose to record
tomographic images during the macromolecule uptake and
distribution phases, in order to characterize the extent and
kinetics of the uptake in animal models. The FnAb-8 protein
was labeled with the 18 F PET tracer and imaged using a
microPET/CT device. Because FcRn expression in the intestine
of rodents after weaning are very low and functionally
irrelevant [11 ,12] , we also examined FcRn Transgenic (Tg)
mice and compared the images with those in wild type (WT)
mice. Besides, because the fluorine-18 radionuclides has
very short half-life and the protein uptake and distribution
duration could be much longer, we adopted an in situ
radionuclide labeling approach based on the reverse electron
requirement Diels-Alder cycloaddition reaction [13] . 

The FnAb-8 protein was modified to contain the functional
group trans-cyclooctene (TCO) and administered both by
p.o. and i.v. in WT and Tg mice. At specific time points
afterwards, 18 F labeled tetrazine (Tz-NOTA-Al 18 F) was
injected i.v. which would react with high efficiency and
specificity with FnAb-8-TCO in vivo . We showed that
FnAb-8 were detected systemically in Tg mice for up to a
week after p.o. administration, and such labeling strategy
enabled quantitative analysis of the pharmacokinetic and
pharmacodynamic behavior of FnAb-8. 

2. Materials and methods 

2.1. Materials 

The TCO-NHS ester, Tetrazine(Tz)-amine HCl salt, NOTA-
NHS ester were purchased from Macrocyclics Inc. (Dallas,
USA). 18 F fluorine was kindly supplied by Shanghai Atom
Kexing Pharmaceuticals Co., Ltd. (Shanghai, China). All other
chemicals, unless noted, were brought from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China) and used without
further purification. FnAb-8 scFv was expressed and purified
as described [10] . 

2.2. Preparations of Tz-NOTA-AL 18 F 

The synthesis schemes were modified based on the published
protocol [14] . Tz-NOTA was synthesized by first dissolving
14 mg of NOTA-NHS ester (2.5 × 10 −2 mmol) in 600 μl of
0.1 M NaOH buffer, then adding the solution to 1 mg Tz-
amine (2.5 × 10 −3 mmol) in a 1.7 ml microcentrifuge tube,
following by reaction for 1 h at RT with mild agitation. The
resulted Tz-NOTA was obtained after reversed-phase C 18

HPLC chromatography to remove unreacted NOTA-NHS ester.
The collected product was frozen with liquid nitrogen and
stored in the dark at −80 °C. 

For the radio-labeling of Tz-NOTA, 18 F fluorine was
obtained and the radio activities were quantified using a CRC-
15R Dose Calibrator (Capintec). 10 μl of Tz-NOTA solution at
0.5 mg/ml (723 μM) and 50 μl of AlCl 3 solution at 2 mM were
added into 400 μl of 0.2 M NH 4 OAc pH 5.5 buffer followed
by 2000 μCi of 18 F. After heating to 100 °C for 15 min, the
reactant was purified using HPLC through a reversed-phase
C 18 column. The radioactive Tz-NOTA-Al 18 F fraction was dried
using a rotary evaporator and redissolved in 0.9% sterile saline
for injection. 

2.3. Preparation of FnAb-8-TCO conjugates 

FnAb-8 was labeled with TCO in a 1.5 ml microcentrifuge tube.
2.4 mg/ml (0.1 μM) solution of FnAb-8 in 1 ml of phosphate
buffered saline with pH adjusted to 8.8–9.0 was prepared
and mixed with an appropriate volume of TCO-NHS in
N,N-dimethylformamide (25 mg/ml) to reach the TCO: mAb
reaction stoichiometry of 10:1. The mixture was kept at 4 °C
with gentle shaking for 1 h. Afterwards, the modified antibody
was obtained after ultracentrifugation using a 10,000-Dalton
molecular weight cutoff filter units (Amicon Ultra 4; Millipore
Corp.). These FnAb-8-TCOs may be store at 4 °C in the dark for
more than 3 months. 

2.4. Animal studies 

The in vivo animal experiments were performed according
to an approved protocol and under the ethical guidelines
of the Shanghai Jiao Tong University Animal Care and
Use Committee. WT mice were purchased from Shanghai
Lingchang Biotechnology Co.,Ltd. The FcRn transgenic
mice were purchased from Beijing Biocytogen Co., Ltd. All
experimental animals are of SPF grade and housed in the
experimental animal center of Shanghai Jiao Tong University
under SPF conditions with a constant room temperature
of 23 ± 1 °C and a light cycle of 12 h (lighting starts at
7:30 am). 

FnAb-8-TCO-Tz-NOTA-Al 18 F (short named FnAb-8- 18 F)
was also prepared ex vivo and administered by i.v. or p.o. to
WT and Tg mice. PET/CT scans were done 4 h after the FnAb-
8- 18 F administration. Blood samples (100 μl) were obtained at
0.5, 1, 2, 3 and 4 h time points and quantified using a gamma
radiation counter. The in situ labeling mice receive 200 μl
of 0.01 μmol FnAb-8-TCO via tail vein or by oral gavage. At
various time points (6, 12, 24, 48, 72, 96, 120, 144 or 168 h)
afterwards, they were injected by i.v. 20 μCi of Tz-NOTA-
Al 18 F. PET/CT scans were done 4 h after the Tz-NOTA-Al 18 F
injection. 

2.5. PET/CT imaging 

PET/CT scans were done at 4 h after the injection of
18 F-tracers. The mouse was anesthetized with a 2%
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soflurane/oxygen gas mixture and scanned by an Inveon 

M Platform (Siemens Preclinical Solutions, Knoxville,
ennessee, USA) with a computer-controlled bed and 

5 mm transaxial and 57 mm axial fields of view (FOV).
0-min static PET scans were acquired. The images were 
econstructed using the OSEM3D (Three-Dimensional Ordered 

ubsets Expectation Maximum) algorithm followed by MAP 
Maximization/Maximum a Posteriori) or FastMAP provided 

y IAW. 3D regions of interest (ROIs) were drawn based on 

he anatomic structure and standardized uptake values (SUV) 
ere determined. Images were processed using the Inveon 

esearch Workplace (IRW) software v3.0. 

. Results and discussion 

.1. The schemes for in situ labeling of FnAb-8 for PET 

maging 

ositron emission tomography (PET) imaging has become 
n indispensable tool in the clinics for diagnosis and 

anagement of cancer. It is also highly useful in monitoring 
rug distribution and persistence in drug development [15 ,16] .
ositron signals are especially sensitive and related noise or 
nterferences are low. The signal intensities in the ROIs may 
irectly correlate to the tracer concentration, allowing for 
uantitative analysis of drug distribution and their kinetic and 

ynamic changes in real time. 
For labeling proteins and antibody “in situ” in aqueus or 

iological medium, the inverse electron-demand Diels-Alder 
ollowed by a retro [4 + 2] cycloaddition reaction may be 
refered [13 ,19] . These reactions are “spring-loaded"—driven 

y a high thermodynamic force with high kinetics, high yield,
nd high reaction specificity [20] . Strained cyclooctenes can 

eact with Tz with high efficiency. The electron-donating 
ubstituents on the dienophile and electron-withdrawing 
ubstituents on the diene accelerate the inverse-demand 

iels-alder. Such a IEDDA reaction between 1,2,4,5 Tz and 

CO was reported and found to be well suited for in situ 

abeling of protein and antibody fragments [21 ,22] . 
The labeling reaction schemes were shown in Fig. 1 . FnAb- 

 was modified to contain TCO ( Fig. 1 B). Tz was conjugated to
OTA, followed by chelation of Al (III) and adsorption of 18 F 

 Fig. 1 A). The reaction between FnAb-8-TCO with Tz-NOTA- 
l 18 F was confirmed in vitro when the reactants were mixed at 
:10 molar ratio and examined in HPLC using both radioactive 
nd UV detectors as shown in Fig. 1 D. The ex vivo labeled FnAb- 
- 18 F were used in animal studies in comparison with in situ 

abeled materials. 

.2. The biodistribution of FnAb-8- 18 F in WT and 

cRn-Tg mice after i.v. injection 

oth WT and FcRn-Tg mice were injected by i.v. with the ex 
ivo radio-labeled protein FnAb-8- 18 F while the control groups 
ot only the probe Tz-NOTA-Al 18 F. Each group contained at 
east 3 animals. PET/CT scans were done 4 h after the probe 
njection. Representative images were shown in Fig. 2 A–2D.
hese images were dose and decay adjusted so the pixel 

ntensities reflected the radioactive signal strength. We also 
etermine the SUV-bw values of the different organs based 

n the PET/CT images and summarized the data in Fig. 2 E 
nd 2 F. 

Clearly, the probe Tz-NOTA-Al 18 F was shown to be cleared 

uickly in both WT and Tg mice ( Fig. 2 A and 2 C ). The labeled
nAb-8- 18 F persisted much longer and most prominently 
oncentrated in the abdomen area, especially in the Tg mice 
 Fig. 2 D). The total standardized uptake values (SUVs) in the 
ntestine were calculated using the image analysis software 
nd plotted in Fig. 2 E and 2 F . The SUV in both WT and
g mice received only the Tz-NOTA-Al 18 F were about 1,
hile the SUV in FcRn Tg mice received FnAb-8- 18 F were 

bout 2000, showing the longer persistence of FnAb-8 and its 
referential distribution to the intestine. Such an effect should 

e mediated by FcRn, because in WT mice where the binding 
ffinity by FnAb-8 was much weaker, the SUV numbers were 
nly around 10. There were higher signals in the gallbladders 
nd kidneys in WT mice, probably because the probes were 
etabolized and excreted faster in WT mice. 
PET/CT signals have been used to quantify the absorption,

K and biodistribution of orally administered drugs in animals 
nd in human [27 ,28] . But since PET imaging requires labeling 
f positron emitters and the most commonly available 18 F has 
 very fast decay, it is almost impossible to follow pre-labels 
gents with in vivo half-life longer than 6 h. These PET images 
ere all taken at 4 h after the probe injection. For later time
oints, the use of in situ labeling strategy was essential. 

.3. In situ labeling and PET/CT imaging after 
nAb-8-TCO i.v. injection 

he entire time course of FnAb-8 distribution in FcRn Tg mice 
fter i.v. injection was recorded using the in situ radio labeling 
pproach. All the FcRn Tg mice received i.v. of the same doses 
f FnAb-8-TCO. At each specific time points (6, 12, 24 and 

8 h) after the injection, a group of 3 mice were injected again 

y i.v. Tz-NOTA-Al 18 F. They were scanned after another 4 h.
o the PET/CT images in Fig. 3 A and 3 B were representative 

mages from each time point group and they were taken 

t about 10, 16, 28 and 52 h after the FnAb-8-TCO injection.
or comparison, we also examined WT mice with the same 
rocedure. But the signals were hardly detectable. We showed 

nly the image taken at the first time point (10 h after FnAb-8- 
CO injection and 4 h after Tz-NOTA-Al 18 F injection) in Fig. 3 C.
y analyzing all the images obtained at different time points,
e summarized the SUV-bw values in the different organs and 

lotted in Fig. 3 D. Again the radioactive signals were mostly 
n the intestines. The intestine value changes were re-plotted 

ith time in Fig. 3 E. to highlight the FnAb-8 signal persistence 
or longer than 52 h in Tg mice. 

Most previous studies describing immuno-PET, i.e., labeling 
f antibodies and antibody fragments for PET imaging,
sed longer live PET tracers including zirconium-89 (half- 

ife: 78.4 h), and copper-64 (half-life: 12.7 h) [17] . But the 
onger probe persistence may lead to high signal background.
herefore a two-step labeling techniques were proposed 

hat involved sequentially injections of antibodies and small 
olecule positron probes separately for them to interact in 

itu . The technique was also named as “pretargeting” because 
he antibodies were believed to bind to their targets first 
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Fig. 1 – The reaction schemes of FnAb-8-TCO with Tz-NOTA-Al 18 F. (A) The reaction for preparing Tz-NOTA-Al 18 F. (B) The 
reaction for preparing FnAb-8-TCO. (C) The in situ labeling reaction. (D) HPLC chromatograms of Tz-NOTA-Al 18 F with UV and 

radioactive detectors (I: radioactivity detection;II: UV signal detection 254 nm). 

Fig. 2 – PET/CT images of WT and human FcRn Tg mice 4 h after i.v. of FnAb-8- 18 F or Tz-NOTA-Al 18 F. (A)WT mouse after i.v. 
of Tz-NOTA-Al 18 F. (B) WT mouse after i.v. of FnAb-8- 18 F. (C) Tg mouse after i.v. of Tz-NOTA-Al 18 F. (D) Tg mouse after i.v. of 
FnAb-8- 18 F. (E) SUV-bw values in different organs in WT mice after i.v. of FnAb-8- 18 F. (F) SUV-bw values in different organs 
in human FcRn Tg mice after i.v. of FnAb-8- 18 F. 
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Fig. 3 – PET/CT imaging of FcRn Tg mice received i.v. of FnAb-8-TCO followed by in situ labeling by Tz-NOTA-Al 18 F. (A) 2D 

images of Tg mice at 4 time points (from left to right). (B) 3D images of Tg mice at 4 time points (from left to right). (C) PET 

images of WT mice at 10 h after FnAb-8-TCO injection. (D) SUV values in various tissues in FcRn Tg mice. (E) SUV values in 

the intestines of FcRn Tg mice. 
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nd then be labeled by the positron probe [18] . In our study,
ince FnAb-8 was not designed to targeted to FcRn on cell 
urfaces but for transporting by endosome FcRn, so the two 
tep procedure was called in-situ labeling. 

In this study, we were able to followed the entire time 
ourse of the protein distribution in vivo , based on the in situ 
abeling method. The signal accumulation in the intestine 
as noticed in FcRn mice. The drug concentration in the 

irculation was maintained for an extended duration, and 

ignals in the intestine were seen after more than 52 h.
e hypothesized that there may be continues two way 

ranscytosis (recycling) of the FnAb-8 protein across the 
ntestine epithelial cells in FcRn Tg mice. 

.4. In situ labeling and PET/CT imaging after 
nAb-8-TCO p.o. administration 

imilar situ labeling and PET/CT scans were done after p.o.
dministration of FnAb-8-TCO. At about 6, 12, 24, 48, 72, 96,
20, 144 and 168 h after the oral administration, a group of at 
east 3 mice were injected with Tz-NOTA-Al 18 F and scanned in 

nother 4 h. The representative PET/CT images at each time 
oints were shown in Fig. 4 A. The images were labeled with 

he PET/CT imaging time which were 10, 16, 28, 32, 76, 100,
24, 148 and 172 h after the p.o. administration. The FnAb- 
 signals were found throughout the body but the intestine 
emained to be the most concentrated organ. The signals in 

ther areas of the body suggested protein uptake and re- 
istribution via systemic circulation. They were detected at 
p to 172 h after the p.o. administration. In the control group,
T mice ( n = 4) received the same experiment procedure but 

here was no signals detected even at the first time point (10 h 

fter p.o. administration. The SUV-bw values in the intestines 
ere calculated and plotted in Fig. 4 B. 

Almost all the previously reported two steps in situ labeling 
tudies were done using intravenous injected drug and probes.
n this study we were able to follow the time course of 
ntestine absorption of FnAb-8 in FcRn mice based on in 
itu labeling using intravenously imaging probes. Since the 
robe Tz-NOTA-Al 18 F was injected i.v. at various time points 
fter the p.o. FnAb-8-TCO administration, they should most 
ikely interact with the absorbed FnAb-8-TCO in circulation.
f cause it may be possible that the Tz-NOTA-Al 18 F as 
 small molecule diffused out to the apical side of the 
ntestine epithelial layer and reacted with FnAb-8-TCO. But 
he proportion should be limited. In order to confirm the in 

itu labeling occurred systemically, we further analyzed the 
lood samples drawn after FnAb-8-TCO p.o. administration 

ig.4 C. 

.5. Gamma ray quantification in blood samples after i.v. 
nd p.o. administration 

nAb-8- 18 F was administered either by i.v. or p.o. to FcRn 

g mice. Blood samples were drawn at 0.5 h, 1 h, 2 h, 3 h,
 h after administration. The radioactivities were quantified 

sing a gamma radiation counter and plotted in Fig. 5 B 

nd 5 C. In addition, control group mice were injected with 

z-NOTA-Al 18 F and their blood samples were also measured 

 Fig. 5 A). The values in both i.v. and p.o. injected groups
ere higher and persisted longer. Substantial oral absorption 

as observed with T max at 1 h after p.o administration 

 Fig. 5 C). Since the FnAb-8-NOTA clearance from the 
lasma should be similar regardless the administration 

outes, the Pk clearance profile in Fig. 5 B and 5 C were
imilar. 

When comparing the radio-signals after p.o. vs . i.v.
dministration of FnAb-8-TCO, the bioavailability could be 
stimated to be quite significant. The results were remarkable 
onsidering we showed the entire time course of FnAb-8 
bsoption. Polypeptides and proteins are considered too big 
o be absorbed orally. But we hypothesized that the FnAb-8 
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Fig. 4 – PET/CT imaging of FcRn Tg mice received p.o. administration of FnAb-8-TCO followed by in situ labeling by 

Tz-NOTA-Al 18 F. (A) PET/CT Images of Tg mice at different times after oral administration of FnAb-8-TCO followed by in situ 

labeling by Tz-NOTA-Al 18 F. (B) SUV-bw measurements in the intestine at different time points. (C) γ ray quantification of 
blood samples from Tg mice after oral FnAb-8-TCO followed by i.v. Tz-NOTA-Al 18 F. 

Fig. 5 – γ ray quantification of blood sample of various samples. (A) γ ray quantification of blood sample from Tg mice received 

iv Tz-NOTA-Al 18 F. (B) γ ray quantification of blood sample from Tg mice received i.v. FnAb-8–18 F. (C) γ ray quantification of 
blood sample from Tg mice received p.o. FnAb-8–18 F. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

protein may behave differently because of its affnity toward
human FcRn [23–25] . FcRn mediated IgG transcytosis had been
speculated by Haymann et al. who showed the presence of
FcRn on glomerular epithelial cells as well as in the brush
border of proximal tubular cells in the kidney [26] . Muzammil
et al. engineered an IgG2 mAb for optimal FcRn binding, and it
was formulated, lyophilized, and loaded into enteric-coated
capsules for oral dosing in cynomolgus [8] . Absorption was
observed in the small intestine in cynomolgus where pH was
about 7.5 using the IntelliCap System. But they concluded
that FcRn mediated IgG transport was not sufficient for mAbs
to reach systemic therapeutic concentration. Our finding
indicated that in addition to the possibility of oral uptake, the
most significant feature of FnAb-8 and its conjugates is that
they can maintain high concentration in the intestine for a
long time. There may be highly valuable applications in this
regard for drug delivery for diseases involving the intestine or
colon. 

4. Conclusion 

In this study, we developed an in situ labeling mechanism
based on a retro [4 + 2] cycloaddition reaction, in order
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o follow the biodistribution of FnAb-8 after i.v. and p.o.
dministration using PET imaging. FnAb-8 was found to 
ersist longer in FcRn transgenic mice and accumulated 

n the intestine tissues for an extended duration. These 
bservations suggested FnAb-8 may have an unique property 
o be absorbed orally and be used as an carrier for delivery to 
he intestine tissues. 
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