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ABSTRACT

Tablets and capsules are a cornerstone of medicine, but these solid dosage forms can be
challenging to swallow for geriatric and pediatric patients. While liquid formulations are easier to
ingest, these formulations lack the capacity to localize therapeutics and excipients nor act as
controlled release devices. To bridge the advantages of solid and liquid dosage forms, here we
describe drug formulations based on liquid in situ-forming and tough (LIFT) hydrogels. Drug-
loaded LIFT hydrogels are formed directly in the stomach through the sequential ingestion of a
crosslinker solution of calcium and dithiol crosslinkers, followed by the ingestion of a drug-
containing polymer solution of alginate and 4-arm poly(ethylene glycol)-maleimide. We show that
LIFT hydrogels are mechanically tough and able to robustly form in the presence of complex
gastric fluid and in vivo in rat and porcine stomachs. LIFT hydrogels are retained within the porcine
stomach for up to 24 h, biocompatible, and safely cleared. These hydrogels deliver a total dose
comparable to unencapsulated drug but with delayed and lower maximum drug plasma
concentrations, providing a method for controlled release that may mitigate drug toxicity. Co-
encapsulation of lactase as a model biologic drug and calcium carbonate mitigated gastric-
mediated deactivation of encapsulated enzyme in rat and porcine models. We also demonstrate the
potential of these hydrogels to encapsulate and protect a model therapeutic bacterium, E. coli
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Nissle 1917, against acid. LIFT hydrogels present a biocompatible means of tough, double-
network hydrogel formation in situ in the gastric cavity, and may expand medication access for
patients with difficulty swallowing.

INTRODUCTION

The oral route provides a safe, rapid, and facile course for drug administration, and results in
greater patient comfort and compliance compared to parenteral routes'. Due to advantages in
stability, dose consistency, and the capacity to co-formulate with excipients, oral solid doses have
become the predominant formulation: indeed, they consistently comprise ~50% of new FDA-
approved drugs (fda.gov), and nearly 70% of Americans are on at least one prescription drug®.
However, certain patient populations struggle with swallowing solids, complicating oral
administration of solid drug forms. More than 50% of children are unable to swallow standard-
sized pills or capsules’; among pediatric patients aged 0-6 years of age, 67.9% preferred liquid
dosage forms compared to other forms®. Patients with dysphagia, or difficulty swallowing,
similarly struggle with oral administration of solid drug forms®. In adults, prevalence of dysphagia
can be as a high as 16%, and upwards of 37% have difficulty swallowing pills® °, This may cause
patients to skip or modify (e.g., crush) their medications, which may result in altered
pharmacokinetic profiles and even death® %12,

While liquid formulations are easier to ingest? 3, they are susceptible to rapid dilution within the
gastrointestinal tract and are unable to spatially localize drug with excipients®3, which particularly
challenge efforts to orally deliver biological drugs. A system capable of a programmed liquid-to-
solid transition within the stomach could bridge the advantages of these two forms. Indeed, a solid
matrix could facilitate spatial proximity of drug and excipients that modulate drug release or
protect drug activity against the harsh gastric environment, and augment gastric residence of a
drug depot. Efforts to develop liquid-to-solid systems have relied on drinkable hydrogel systems
crosslinked by calcium. Xu et. al showed that orally administered calcium carbonate-loaded
alginate solutions undergo gelation in the stomach due to acid-triggered release of Ca®* ions and
subsequent crosslinking of alginate!®. Similarly, Kubo et al. reported in situ gastric gelation of
gellan or alginate solutions mixed with complexed calcium®®. Foster et al. demonstrated that oral
administration of an alginate/karaya gum solution followed by a solution of CaCl. resulted in
gelation in the stomach'®. However, these single-network hydrogels are mechanically weak and
may not be able to withstand compressive forces within the stomach (up to 13 kPa)*’, resulting in
significant, irreversible deformation and potential breakage of the formulation within the
gastrointestinal tract.

Here, we describe a new strategy to enable a drinkable, liquid in situ-forming and tough (LIFT)
hydrogel, which comprises both ionic (calcium/alginate) and covalent (poly(ethylene glycol)
(PEG)) polymer networks for enhanced toughness®®. LIFT hydrogels undergo gelation after the
liquid polymer solution containing alginate and functionalized PEG contacts the crosslinker
solution within the stomach (Fig. 1a, Fig. 1b). We extensively characterize LIFT hydrogels after
ex vivo formation in real gastric fluid and in vivo formation in rodent and large porcine models,
and demonstrate that their capacity to form solids in situ enables these materials to act as a depot
for controlled release of small molecules. Moreover, LIFT hydrogels can retain CaCOs3 as an
excipient and protect the activity of orally delivered enzymes and therapeutic bacteria from the
low pH of the stomach in rodent and porcine models (Fig. 1c).
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93 RESULTS
94  Due to the relatively short residence times (<30 min) of liquids in the stomach and the complexity
95  of gastric fluid'® ?°, we prioritized the development of crosslinking chemistries that could rapidly
96 and robustly crosslink two, interpenetrating polymer networks. Alginate is a well-studied,
97  biocompatible polymer derived from algae with generally recognized as safe (GRAS) status;
98 alginate polymers contain blocks of consecutive or alternating B-D-mannuronate and o-L-
99  guluronate residues, the latter of which undergoes nearly instant crosslinking in the presence of
100  calcium?. We utilized PEG for the second network due to the established safety profiles of
101  ingested PEGs??, and initially considered three conventionally used crosslinking chemistries: NHS
102  ester/amine, DBCO/azide, and maleimide/thiol. Due to the evolution of an uncharacterized and
103  potentially toxic NHS leaving group during NHS ester/amine reaction and the slow kinetics (>1
104  h) of commercially available DBCO-/azide-functionalized PEGs (Fig. S1), we proceeded with
105 development of a PEG network crosslinked by maleimide/thiol reaction. Advantages of this
106  chemistry include its rapid reaction kinetics, mild reaction conditions, and biocompatibility®3. To
107  mitigate the risk of crosslinker toxicity, we focused our search on small molecular weight, FDA-
108 approved or GRAS dithiol-containing molecules for rapid diffusion and crosslinking of
109  maleimide-functionalized PEG. Dimercaptosuccinic acid (DMSA) was selected as a small
110  molecule dithiol crosslinker due to its FDA approval status, extensive use history, and well-
111  characterized safety profile in children and adults®* 2°. A dithiol-terminated linear PEG (MW =
112 1000 Da) was also selected for evaluation. Therefore, our final concept comprises (1) ingestion of
113 a crosslinker solution comprising calcium chloride and DMSA or PEG-dithiol, followed by (2)
114  ingestion of a liquid polymer solution comprising alginate and 4-arm PEG-maleimide. Upon (3)
115 mixing in the stomach, the liquid polymer solution undergoes crosslinking of both polymer
116  networks and gelation to form (4) LIFT hydrogels (Fig. 1a, Fig. 1b).
117
118  We first asked whether LIFT hydrogels were capable of forming under short (20 min) time
119  durations relevant to gastric residence of ingested liquids. To emulate in vivo formation conditions,
120  a 0.5% w/v solution of alginate with 0, 5, and 10% w/v 4-arm PEG-maleimide was drop cast into
121 acrosslinker solution (200 mM CaCl./10 mM PEG-dithiol or DMSA) and then incubated for 10-
122 20 min at 37 °C. The resulting hydrogels were mechanically characterized by compression testing.
123 Notably, alginate hydrogels containing a crosslinked PEG network sustained significantly greater
124  loads compared to alginate-only hydrogels (Fig. 2a, Fig. S2a). After 90% strain, LIFT hydrogels
125  remained mostly spherical, whereas alginate-only hydrogels remained permanently deformed
126  (flattened) (Fig. 2b, Fig. S2b). LIFT hydrogels were further mechanically characterized by cyclic
127  compression testing. While LIFT hydrogels could sustain at least 5 cycles of 90% strain, alginate-
128  only hydrogels remained permanently deformed after 1 cycle and were unable to sustain
129  subsequent strains (Fig. S3). Due to the greater mechanical performance and easier manipulation
130 of 0.5% alginate/5% w/v PEG-containing hydrogels compared to 10% w/v PEG-containing
131  hydrogels, this composition was further characterized. To test the capacity of LIFT hydrogels to
132 form in vivo, hydrogels were formed in fresh porcine gastric fluid at various dilutions in water. As
133  acontrol, hydrogels were compared to LIFT or alginate-only hydrogels formed in the absence of
134  gastric fluid. While gastric fluid attenuated the mechanical properties of LIFT hydrogels, these
135 hydrogels were still mechanically tougher than alginate-only hydrogels formed under ideal
136  conditions (Fig. 2c, Fig. S2c). LIFT hydrogel components were also tested for cytotoxicity in
137  cultured human colon epithelial (Caco-2, HT-29), mouse liver (Hepal-6), and monkey kidney
138  (CV-1) cells. After 24 h of continuous incubation at relevant concentrations, no major causes of
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139  cytotoxicity were observed (Fig. S4). Collectively, these data demonstrate that LIFT hydrogels
140  can form rapidly even in gastric fluid, the resulting hydrogels are mechanically tough, both DMSA
141  and PEG-dithiol crosslinkers are capable of crosslinking the covalent PEG network, and that
142 hydrogel components do not cause toxicity in cultured cells.

143

144 The kinetics of LIFT hydrogel formation were further studied by rheometry. To emulate rapid
145  alginate crosslinking and to facilitate experimentation, hydrogels were first internally crosslinked
146  with CaCOs and glucono-6-lactone and then analyzed within a bath of 200 mM CaCl2/10 mM
147  PEG-dithiol solution. Notably, the sharpest increase in modulus occurred during the first 10-15
148  min (Fig. 2d), further supporting the feasibility of gastric crosslinking at timeframes relevant to
149  liquid retention within the stomach (time of 50% emptying: 15-30 min)* 26, LIFT hydrogels were
150 then studied for their capacity to encapsulate therapeutic cargos of different length scales, using
151  155-kDa fluorescent dextran as a model macromolecule, and 20- or 100-nm fluorescent
152  polystyrene nanoparticles as model control-release nanoparticles. The ability to co-encapsulate
153 and retain cargos and excipients may facilitate protection of cargo function in the harsh
154  gastrointestinal environment. LIFT or alginate-only hydrogels encapsulating these model cargoes
155  were immersed in simulated gastric fluid (SGF, pH 1.77) or simulated intestinal fluid (SIF, pH
156  6.8), which were sampled at various timepoints. Neither hydrogels were able to detain dextran in
157  either media (>75% release); however, LIFT hydrogels exhibited less nanoparticle release in SIF
158  (<1-6%) compared to alginate-only hydrogels after 24 h (70-77%, Fig. 2e). This is consistent with
159  prior reports describing the increased pore sizes and release of alginate hydrogels in alkaline
160  environments?” 28, Therefore, LIFT hydrogels may be capable of retaining therapeutic cargoes at
161  avariety of length scales due to greater stability at various pH ranges and/or smaller pore sizes.
162

163  LIFT hydrogels were then tested and characterized for formation, Kkinetics, and safety in vivo.
164  Porcine models were tested due to the similarity in size of the gastrointestinal tract to that of
165  humans?®. First, the administration order of crosslinker (200 mM CaCl2/10 mM DMSA or PEG-
166  dithiol) and hydrogel solution (0.5% alginate/5% w/v 4-arm PEG-maleimide) was varied. Pigs
167  were anesthetized and administered solutions into the stomach via endoscope, and hydrogel
168  structures were retrieved and studied 5-8 h afterwards. Hydrogels formed within the stomach
169  cavity regardless of administration order. Administration of crosslinker solution first and then
170  hydrogel solution resulted in the reproducible formation of noodle-like hydrogels within the
171  stomach; conversely, administration of hydrogel solution first and then crosslinker resulted in
172  larger bulk hydrogels (Fig. 3a, Fig. S5, Fig. S6). Accordingly, LIFT hydrogels were formed in
173 vivo by first administration of the crosslinker solution followed by the hydrogel solution due to
174  greater consistency in hydrogel architectures. LIFT hydrogels were then studied for their transit
175  time in vivo through X-ray imaging of hydrogels containing 20% wi/v barium sulfate. In general,
176  LIFT hydrogels remained within the stomach up to 24 h after formation (Fig. 3b, Fig. S6); in
177  comparison, liquids are emptied from the porcine stomach in 0.4-1.4 h across fasted and fed
178  states®. No major changes in serum alkaline phosphatase, aspartate aminotransferase, alanine
179  aminotransferase, blood urea nitrogen, or creatinine were observed up to 48 h after administration
180 (Table 1). These data support that LIFT hydrogels and their components are safely cleared, do not
181  cause obstructions, and do not cause toxicity. After formation in the gastric cavity, LIFT hydrogels
182  were characterized for their mechanical properties by cyclic compression testing. Similar to in
183  vitro experiments, LIFT hydrogels were tougher and able to sustain at least 5 cyclic 90% strains,
184  whereas alginate-only hydrogels remained flattened after 1 cycle (Fig. 3c-e, Fig. S7). These


https://doi.org/10.1101/2022.12.15.520584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.15.520584; this version posted December 19, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

185  findings highlight the capacity of the LIFT hydrogels to robustly form in the stomach after oral
186  administration in a human-scale gastrointestinal tract.

187

188 Having established that LIFT hydrogels can form in vivo, we evaluated their capacity to
189  encapsulate and modulate small molecule release and biologic drugs with excipients. We selected
190  lumefantrine as a model small molecule drug because of its poor solubility in water and hence,
191  would form a drug suspension that is encapsulated within the hydrogel after formation. Hydrogels
192  were administered into the stomach of pigs using 200 mM CaCl>/10 mM DMSA as the crosslinker
193  solution; lumefantrine was suspended in 0.5% alginate/5% w/v 4-arm PEG-maleimide LIFT
194  polymer solution. Lumefantrine powder loaded in gelatin pills was used as a free drug control, and
195  all pigs were dosed with 960 mg lumefantrine. Whereas free lumefantrine resulted in peak plasma
196  concentrations at 5-7 h post-administration, hydrogel (alginate and LIFT) formulations resulted in
197  peak plasma drug concentrations at ~24 h (Fig. 4a). The area under the curve (AUC) of released
198  drug from free drug, alginate, LIFT hydrogel formulations was 14,873.5 + 2,719.2, 7,568.4 +
199  3,780.6, and 10,337.5 * 3,849.7 ng-h/mL, respectively, and was not statistically different (Fig.
200  4b). While drug AUCs did not differ, the maximum observed drug concentration (Cmax) was
201  significantly higher with free drug (901.2 £ 197.1 ng/mL) compared to alginate (283.8 £ 147.3
202  ng/mL) and LIFT (338.7 + 112.6 ng/mL) hydrogel formulations (Fig. 4c). These data collectively
203  support the capacity of LIFT hydrogels to deliver equivalent total doses of drug as free drug at
204  lower plasma concentrations, which may reduce drug toxicity® 1. We further envision that this
205 system could be compatible with water-soluble drugs encapsulated within controlled-release
206  particles suspended within the LIFT hydrogel, or mixed with drug powder to form tough in situ
207  depots.

208

209  We next evaluated the capacity of LIFT hydrogels for oral delivery of enzymes, which is
210  challenging due to the acidic gastric fluid and proteases present within the gastrointestinal tract®.
211  PB-galactosidase (lactase) was selected as a model enzyme therapeutic due to the need for prolonged
212  exogenous lactase activity in the stomach to mitigate the symptoms of lactose intolerance33-%,
213  Indeed, lactase activity was found to be rapidly lost when incubated in SGF compared to PBS (Fig.
214  5a). Lactase was then encapsulated in alginate or LIFT hydrogels, along with calcium carbonate
215 (CaCoO:s3) as an excipient to neutralize the acidic gastric fluid. CaCO3z was selected because it is
216  water-insoluble and therefore retainable within the hydrogels, and because of its GRAS status.
217  Because the DMSA crosslinker attenuated lactase activity (Fig. S8), these LIFT hydrogels utilized
218  the PEG-dithiol crosslinker. When challenged with SGF, CaCOs-containing hydrogels preserved
219 lactase activity (Fig. 5b), underscoring the compatibility of LIFT hydrogels with enzymes. In
220  addition to acidic gastric fluid, the gastrointestinal tract is rife with proteases that are capable of
221  degrading enzymes. We next asked if the hydrogels were capable of protecting against trypsin as
222  amodel protease. Only LIFT hydrogels significantly preserved lactase activity compared to free
223  lactase or lactase encapsulated in alginate hydrogels (Fig. 5c). Therefore, in addition to co-
224 encapsulating CaCOg, LIFT hydrogels may exhibit additional barriers against exterior proteases
225  due to the denser, dual polymer networks compared to alginate-only hydrogels®’-°.

226

227  LIFT hydrogels were then tested for their ability to protect lactase activity in rat and porcine
228  models. We focused on analysis on LIFT instead of alginate hydrogels due to their capacity to
229  protect encapsulated lactase against exogenous proteases. Similar to studies performed in pigs, rats
230  were first administered the crosslinker solution by oral gavage immediately followed by the
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231  hydrogel solution containing lactase. Lactase was mixed in the hydrogel solution with or without
232 CaCOs; as an additional control, CaCOgz was suspended in the crosslinker solution. Each animal
233 was treated with a CaCOz dose less than the maximum daily dose of 7-10 g/day (assuming a 75 kg
234 human) established by manufacturers®®, Therefore, these set of treatments test the effect of CaCOs
235 administered separately (LIFT+CaCOz3) or co-encapsulated (LIFT/CaCOs). Oral gavage also
236  resulted in robust hydrogel formation in rat stomachs (Fig. S9), and hydrogels were retrieved after
237 invivo incubation in stomachs and assayed for lactase activity. Notably, while separate and co-
238 encapsulated CaCOs significantly protected lactase activity after 1 h (Fig. 5d), only co-
239  encapsulated CaCOs protected lactase after 2 h (Fig. 5e). LIFT hydrogels with co-encapsulated
240  CaCOsresulted in 6-fold higher activity compared to control. The protective effect of the LIFT
241  hydrogels co-encapsulating CaCO3z was also observed in porcine models after a 6 h in vivo
242  incubation (2-fold higher than control, Fig. 5f), underscoring the advantage of oral systems capable
243  of excipient co-encapsulation even in large animal models.

244

245  Another class of biologics of interest for oral delivery are therapeutic bacteria. Here, we utilized
246  an engineered E. coli Nissle 1917 (EcN) that expresses both luciferase and luciferin;
247  bioluminescence has been utilized to rapidly query bacterial viability and metabolism*. This
248  particular strain was selected due to its safety and wide use as a chassis for synthetic biology
249  therapeutics*>“4. Oral delivery of bacteria is a recognized challenge and currently requires large
250  solutions of sodium bicarbonate to buffer stomach pH*. Indeed, even short incubations of EcN in
251  SGF pH 1.77 resulted in significant decreases in bioluminescence (Fig. 6a). Similar to lactase,
252  EcN also exhibited sensitivity to DMSA crosslinker (data not shown); therefore, PEG-dithiol was
253  used as the dithiol crosslinker in subsequent studies. We tested the capacity of LIFT hydrogels to
254  protect bacterial activity in porcine models after 6-8 h incubation in the stomach. While bacteria
255  encapsulated in LIFT/CaCOs hydrogels exhibited greater average bioluminescence than those in
256  LIFT hydrogels, this difference did not reach statistical significance (Fig. S10). Notably, bacteria
257  were metabolically active after retrieval and able to proliferate after hydrogels were incubated in
258  growth media (data not shown), suggesting that LIFT hydrogels are capable of sustaining bacterial
259  viability in vivo.

260

261  The relatively high pH values of pig gastric fluid (pH > 5) may not be sufficient to reduce bacterial
262  viability*®. We reasoned that in terms of acidity, in vitro studies may provide a more aggressive
263  challenge than in vivo treatment in pigs that is physiologically relevant to human gastric fluid (pH
264  1.4-2.1 in the fasted state)*’. Therefore, we asked if LIFT hydrogels were capable of protecting
265  bacterial bioluminescence upon encapsulation with or without CaCO3z and after challenge with
266  SGF pH 1.77 for 3 h. Only co-encapsulation with CaCOg resulted in bacterial bioluminescence
267  compared to LIFT hydrogel control (Fig. 6b). To further confirm that bacteria were indeed viable
268  and capable of growth, hydrogels were incubated in growth media after SGF challenge. While the
269  media of LIFT hydrogels remained clear, the media of LIFT/CaCO3 hydrogels appeared turbid,
270  suggesting bacterial proliferation (Fig. 6¢). The supernatant was quantified for bioluminescence
271  to confirm bacterial viability and metabolism; only supernatant from LIFT/CaCO3 hydrogels
272  exhibited bioluminescence (Fig. 6d). Therefore, LIFT hydrogels are capable of supporting
273  bacterial viability and protection against acid challenge when loaded with CaCO3. Given that acid
274 secretion can vary 40-71 mmol/h (interquartile range) in humans and the recommended maximum
275  recommended dose of CaCOs (10 g/day)*® 8, these systems could potentially support the viability
276  of bacteria in the stomach for at least 3-5 h.
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277

278 DISCUSSION

279  Dysphagia and difficulty swallowing present major obstacles to oral drug administration in
280  geriatric and pediatric patients. This is especially challenging given the increased morbidity and
281  need for medication with advanced age: an estimated 65% patients over 65 years of age are taking
282  at least two medications, with 37% taking more than five*® %, Difficulty taking pills may drive
283  patients to skip doses or modify them in ways that dangerously alter drug pharmacokinetics. In
284  this work, we developed a drinkable liquid formulation system, called LIFT hydrogels, capable of
285 transitioning from liquid-to-solid upon mixing with ingested crosslinkers in the stomach. LIFT
286  hydrogels have the advantages of solid formulations which confer enhanced gastric retention,
287  protection against gastrointestinal proteases, toughness, capacity to control drug release, as well
288  as co-encapsulation of drug with excipients. To realize LIFT hydrogels, we used FDA-approved
289  or GRAS materials: alginate and 4-arm PEG-maleimide as hydrogel networks, and calcium
290  chloride and DMSA or PEG dithiol as crosslinkers. The alginate/PEG solution remains a liquid
291  until contact with the crosslinker solution within the stomach, facilitating a transition from a liquid
292  toatough hydrogel.

293

294  The gastric environment exhibits some features amenable for in situ crosslinking reactions. The
295 stomach is temperature-controlled at 37 °C, which can accelerate maleimide/thiol thioether
296  formation® °2; the stomach is also mechanically active and its movement could facilitate mixing
297  of the two ingested solutions!’. We demonstrate that crosslinking of both alginate and PEG
298  networks readily occur in ex vivo porcine gastric fluid and in vivo in porcine stomachs, which
299  underscore the robustness of the calcium- and dithiol-mediated crosslinking reaction of the
300 alginate and 4-arm PEG-maleimide networks. While LIFT hydrogel crosslinking and mechanical
301  properties were dependent on the proportion of gastric fluid volume, this may be diluted through
302  greater volumes of crosslinker. The fasted stomach contains 25-35 mL of gastric fluid?® 3, which
303 after ingestion of a 200 mL crosslinker solution is diluted to 11-15%. This crosslinker volume is
304  less than the volume of a typical drink can (355 mL), and this proportion of gastric fluid is well
305  within the range capable of crosslinking both networks. Notably, these reactions do not generate
306 side products, and the hydrogels did not appear to be toxic to cultured gastrointestinal epithelial,
307  kidney, and liver cells, nor cause clinical or laboratory signals in pigs up to 48 h after
308  administration.

309

310  Gastric drug depots should be able to withstand compressive forces within the stomach to preserve
311  depot integrity. While hydrogels with dual polymer networks are mechanically stronger than
312  single-network hydrogels® %, current strategies to formulate dual network hydrogels from orally
313  administered liquids have not yet been described. Liquid systems have generally relied on single-
314  network hydrogels of alginate, gellan, and karaya gum that are crosslinked by calcium.416:% n
315 an alternative strategy, Li et al. utilized pH-triggered unmasking of multivalent cyclodextrin to
316 undergo gelation with multivalent adamantane in acidic conditions®’; however, the liberated
317  masking group will need to be characterized for safety before application. While we and others
318 have developed orally administrable tough hydrogels® ¢ °° these require templated radical
319  polymerization of toxic acrylamide monomer that cannot be safely performed in vivo and are dosed
320 asasolid®. Other hydrogel systems have been designed that require UV light to facilitate polymer
321  crosslinking®®®2, utilize polyacrylamide as a polymer network®’, require a specific construction of
322  hydrogel components®, or are enzymatically polymerized®® . While these hydrogels are
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323  mechanically tough, they either require a pre-solidified dosage format or are challenging and
324  unsafe to crosslink and gel in situ. This work bridges this gap and enables liquid formulation of a
325  tough hydrogel system. Assuming a spherical hydrogel, we calculate that reported gastric stresses
326 (~13 kPa) would cause a strain of 5-10% in LIFT hydrogels, which should not permanently deform
327  these hydrogels?’.

328

329  While nano- and microparticle liquid suspensions have been developed, an important feature that
330 this system confers is the in situ gelation of macroscale structures, which are important to minimize
331  exposure of the dosage forms to gastric fluid. Given the same volume of material, nano- and
332  microscale dosage forms result in significantly greater surface area-to-volume ratios compared to
333  macroscale forms®®. Economou et al. showed that the dissolution rate of CaCOj particles was size-
334  dependent, with larger 2-4 mm particles dissolving slower than <250 pum particles in acid®.
335  Therefore, in situ gelation of macrostructures could be advantageous and enable protection of
336  encapsulated therapeutics through size and geometry. Moreover, the formation of macroscale
337 solids could prolong the gastric retention of encapsulated drugs compared to nano- and
338  microparticulate liquid suspensions®®.

339

340  This work can alter oral small molecule pharmacokinetics and prolong the function of biological
341  drugs within the stomach. Patients who have difficulty swallowing solids may resort to crushing
342  their pills, which results in dramatically altered pharmacokinetics that may cause severe
343  complications and death® 112, Here we show that LIFT hydrogels modify pharmacokinetics by
344  delaying and reducing the maximum drug plasma concentration while achieving a comparable
345 AUC drug dose as free drug. This is significant because high drug concentrations can result in
346  adverse side effects and impact treatment tolerability®” ®8, and is applicable for drugs in which
347  efficacy is driven by AUC and not blood concentration (e.g., tetracyclines, cytotoxics)®® ° or drugs
348  that require controlled release to stay within a safe therapeutic window. Given that a range of
349  molecules are in equilibrium between the blood and gastrointestinal tract’, systems that modulate
350 these molecules within the stomach could significantly impact healthcare via a noninvasive route.
351 Indeed, engineered bacteria can sense blood within the stomach, remove nitrogenous waste, or
352  metabolize excess phenylalanine®> 4 72 3 Oral enzyme and bacterial therapies are being
353 developed for the treatment of hyperoxaluria and phenylketonuria, and are also used to treat
354  patients with exocrine pancreatic insufficiency’*’®. Coupling LIFT hydrogels with these
355 therapeutics could alter drug pharmacokinetics and prolong both their residence and function
356  within the gastrointestinal tract in a tough form factor. In doing so, LIFT hydrogels could expand
357  the accessibility of these therapeutics to patients who otherwise have difficulty swallowing solids.
358

359  The chemistry of the LIFT hydrogels is robust, flexible, and tailorable. Here, we establish DMSA
360 as a novel and FDA-approved small molecule crosslinker for these hydrogels, as well as a PEG-
361  dithiol. Both crosslinkers were able to crosslink the 4-arm PEG-maleimide when mixed within the
362  gastric cavity. The inclusion of PEG also enables facile covalent conjugation of drugs and other
363  modulators using commercially available, functionalized multi-arm PEGs while still acting as a
364  crosslinker. While maleimide-thiol reactions are rapid’’, inclusion of the alginate network not only
365 augments the mechanical properties of the hydrogel, but also its immediate formation in calcium
366  solution acts as a “template” that facilitates retention and crosslinking of the slower-forming
367  maleimide-thiol thioether bond. PEG networks typically require highly defined maleimide:thiol
368 ratios for efficient gelation that is challenging to implement in an oral setting® ’; here, templating
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369  within alginate likely enables gradual diffusion of the dithiol crosslinkers into the hydrogel and
370  subsequent formation of the PEG network.

371

372 By overcoming the “ship-in-a-bottle” problem, LIFT hydrogels could expand access to
373  medications for patients who have difficulty swallowing and bridge the advantages of solid and
374  liquid drug formulations. Through careful selection of materials, LIFT hydrogels comprise two
375  biocompatible polymer networks that are able to crosslink in situ within the stomach, resulting in
376 a strong hydrogel that can facilitate localization of drugs and excipients and withstand the
377  compressive forces of the gastrointestinal tract. LIFT hydrogels are safe, and are capable of
378  modulating small molecule release and protecting therapeutic enzymes and bacteria in the stomach
379  of large animals. We envision that LIFT hydrogels and their flexible chemistries may be a useful
380 strategy with applications in gastric drug modulation and delivery, weight loss, and protection of
381 encapsulated biologics.
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406 CONCISE MATERIALS AND METHODS

407  Chemicals

408  Poly(ethylene glycol) (PEG)-dithiol (1 kDa) was purchased from Biopharma PEG, 4-arm PEG-
409  maleimide (20 kDa) was purchased from JenKem Technology USA, Laysan Bio, Inc, and Creative
410 PEGWorks, and alginate (71238), trypsin (T7409), and p-galactosidase (G5160) were purchased
411  from MilliporeSigma. Alginate solutions were prepared in ddH20O by vigorous heating and stirring.
412  Calcium carbonate and dimercaptosuccinic acid (DMSA) were purchased from ACROS Organics,

413 and o-nitrophenyl B-D-galactopyranoside (ONPG) was purchased from Cayman Chemical.
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414 Lumefantrine was purchased from Fisher Scientific, and halofantrine was purchased from
415  MedChemExpress.

416

417  Invitro LIFT hydrogel formation and characterization

418 A polymer solution of 0.5% w/v alginate and 4-arm PEG-maleimide (0-10% wi/v) was prepared in
419  ddH0; to form hydrogels, 60 uL of this solution was cast into 1 mL of crosslinker solution (200
420 mM CaClz, 10 mM PEG-dithiol or DMSA) using a pipette and incubated for 10-20 min at 37 °C,
421 50 RPM. After, the resulting hydrogels were washed with ddH20. In some experiments, hydrogels
422  were cast in 0-100% v/v of porcine gastric fluid diluted with ddH20. Concentrated stocks of
423  crosslinker were added to porcine gastric fluid to achieve the stated crosslinker concentrations and
424 % vlv gastric fluid.

425

426  Mechanical compression tests were performed using an Instron instrument as previously described
427  with modifications.” The gauge length was determined with a digital caliper, and displacement
428 was applied at a rate of 0.05 mm/s until 90% strain. Cyclic compression measurement was
429  performed with a displacement rate of 0.05 mm/s and 5 cycles of 90% strain.

430

431 To facilitate rheological characterization, pre-crosslinked LIFT hydrogels were prepared by
432  casting a solution of 0.5% alginate/5% w/v 4-arm PEG-maleimide with 15 mM CaCO3/30 mM
433  glucono-é-lactone into a 100-mm Petri dish. After 1 h incubation at room temperature, hydrogel
434  samples were made using an 8-mm diameter biopsy punch. Oscillatory rheology studies were
435 performed with a Discovery Series Hybrid Rheometer from TA Instruments. Samples were
436  measured using 8-mm parallel plates fully submerged in a 5 mL bath of crosslinker solution (200
437 mM CaCl,/10 mM PEG-dithiol) at 37 °C. We reasoned that the 8-mm parallel plates (smallest
438 available size) would minimize unexposed surface area at the top and bottom faces of the sample,
439  and therefore best represent crosslinking dynamics in vivo. Data was collected for 1 h with a
440  frequency of 10 rad/s and strain of 1%.

441

442  Model encapsulation and release

443  The following model encapsulants were mixed at a 10 mg/mL concentration in either alginate or
444 LIFT polymer solutions: 155-kDa tetramethylrhodamine isothiocyanate-dextran (TRITC-dextran,
445  MilliporeSigma), and 20- and 100-nm fluorescent carboxylated polystyrene nanoparticles
446  (ThermoFisher). Hydrogels were formed as described above, transferred to simulated gastric fluid
447  (SGF: 34 mM NaCl pH 1.77) or simulated intestinal fluid (SIF, Cole-Parmer), and then incubated
448  at 37 °C, 50 RPM. The supernatant was sampled at various timepoints with replacement. For each
449  hydrogel and model encapsulant, three separate experiments were performed simultaneously, and
450  release was calculated according to respective standards diluted in either SGF or SIF.

451

452  Cytotoxicity

453  Cytotoxicity of gel constituents (4-arm PEG-maleimide, PEG-dithiol, DMSA, CaCl;) was
454  determined for 4 different cell lines: Caco-2, HT-29, Hepal-6, and CV-1. Cell lines were
455  mycoplasma-tested as negative prior to use, and genomically fingerprinted, where possible, to
456  verify their identity. Alginate was unable to be tested due to its viscosity and incompatibility with
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457  robotic fluid handlers. Cells were plated at 15,000 cells/well in DMEM+10% FBS using robotic
458  handlers (Tecan Evo 150) and incubated overnight. After, cells were incubated in the indicated
459  treatments and concentrations for 24 h in DMEM+10% FBS, and viability was quantified using
460  CellTiter-Glo (Promega), which uses intracellular ATP levels as a surrogate for viability, and a
461 plate reader (Tecan Infinite Pro 1000). Viability was calculated as a percentage of untreated cells.
462

463  Invivo experimentation

464  All animal studies were performed only after MIT CAC review and approval and under veterinary
465  supervision. Specific methods and treatments for characterization, lumefantrine, lactase, and
466  bacteria studies in rats and pigs are described within their respective sections. Female Yorkshire
467  pigs 50-100 kg and rats >400 g were used.

468

469  Invivo LIFT hydrogel formation and characterization

470  Hydrogels were administered into stomachs of anesthetized pigs via endoscopy. To facilitate
471  visualization, gastric fluid was removed. Crosslinker solution (200 mL, 200 mM CacCl; and 10
472  mM DMSA or PEG-dithiol) was first administered, and then the endoscope was purged with air
473  and water. After, 20-40 mL of hydrogel solution (typically 0.5% alginate/5% w/v 4-arm PEG-
474  maleimide) was similarly administered. In some experiments, the order was reversed. For
475  mechanical characterization, pigs were sacrificed 6-8 h after hydrogel administration, and the
476  hydrogels were retrieved and tested as described above.

477

478  To monitor hydrogel retention kinetics in the porcine gastrointestinal tract and for acute toxicity,
479  hydrogels were loaded with barium sulfate (20% w/v) for X-ray imaging, and images were
480  collected immediately after administration, 4-5 h, and on days 1 and 2. Serum was collected before
481  hydrogel administration (baseline) and on days 1 and 2 for metabolic analysis. Throughout, pigs
482  were clinically monitored for gastrointestinal symptoms (e.g., inappetence, vomiting).

483

484  Encapsulated lumefantrine pharmacokinetics

485  Pigs were dosed under anesthesia via endoscopy with the following treatments: free lumefantrine,
486  lumefantrine encapsulated in alginate hydrogels, and lumefantrine encapsulated in LIFT hydrogels
487  (n =3 each). All pigs were dosed with a total of 960 mg lumefantrine. For free lumefantrine, drug
488 powder was weighed and placed across three gelatin capsules. For hydrogel formulations,
489  lumefantrine powder was suspended in polymer solution (0.5% w/v alginate or 0.5% alginate/5%
490  wl/v4-arm PEG-maleimide), mixed, and administered after crosslinker solution (200 mM CaCl,/10
491 mM DMSA). Blood was sampled from a central jugular catheter at the indicated time points, and
492  lumefantrine area under the curve was calculated by the trapezoidal rule.

493

494  Plasma lumefantrine was separated via high pressure liquid chromatography (HPLC) and
495  quantified with an Agilent 6495A triple quadrupole mass spectrometer equipped with a sheath gas
496  electrospray ionization (AJS-ESI) (Agilent Technologies, Santa Clara, CA). Samples were
497  injected at a 5 pL injection volume. Chromatography was performed on an Acquity BEH C18
498  column (2.1x50 mm, dp 1.8 um, Waters, Milford, MA), heated to 50 °C, with a binary mobile
499  phase composed of 0.1% formic acid in water (v/v, A) and 5% tetrahydrofuran in methanol (v/v,
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500 B). The mobile phase was pumped at 0.5 mL/min and gradient programmed as: 0 min, 5% B; 5
501 min, 95% B. The total method runtime was 7 min with a 2 min re-equilibration time between
502 injections. For positive ionization ESI source conditions, the iFunnel high pressure radiofrequency
503 was set to 150 V, and low pressure set to 60 V. Nebulizer drying gas temperature was set to 210
504  °C with a flow rate of 15 L/min at 35 psig. Sheath gas temperature was set to 250 °C with a flow
505 rate of 12 L/min. Nozzle voltage was set to 1500 V and capillary voltage was set to 3500 V.
506 Dynamic multiple reaction-monitoring was used to quantify analytes, using nitrogen as the
507  collision gas. Lumefantrine was quantified at transitions 528.16 to 510.00 m/z at 28 collision
508 energy (CE), with a qualifier transition from 528.16 to 383.00 m/z (40 CE). Halofantrine was used
509 as an internal standard and quantified with the 500.18 to 142.10 m/z transition (24 CE) and
510 qualified with the 500.18 to 100.10 m/z transition. All transitions used a cell accelerator voltage
511  of 4. Data analysis was performed with MassHunter B10.1 (Agilent Technologies, Santa Clara,
512 CA). Linear calibration curves were weighted by the reciprocal of the standard concentrations
513  used, i.e., 1/x.

514

515 A ten-point calibration curve of halofantrine and lumefantrine was prepared with concentrations
516  ranging from 1 to 2500 ng/mL. For plasma sample preparation, 250 uL of plasma, 20 uL of
517  halofantrine at 2500 ng/mL and 730 pL of 90:10 methanol:tetrahydrofuran was added for protein
518 precipitation. Samples were vortexed and centrifuged at 15,000xg for 15 min. The resulting
519  supernatant (200 pL) was transferred to glass vials for analysis.

520

521  Lactase activity after dithiol molecule treatment

522  Lactase (18 pg, 60 pL) was added to DMSA or PEG-dithiol to a final DMSA/PEG-dithiol
523  concentration of 2.5, 5, or 10 mM. Treatments were incubated at 37 °C for 20 min. Lactase activity
524  was assayed by adding 60 puL of 5mM ONPG and incubation for 1 min at room temperature. After,
525 300 pL of 1 M Na2COs was added to stop the reaction, and the absorbance of the solution was read
526  atA =420 nm.

527

528  Lactase encapsulation in LIFT hydrogels

529  The effect of acid on enzyme activity was determined by treating lactase (0.24 mg, 60 pL) with
530 either SGF or PBS and incubating at 37 °C, 50 RPM for various times. Enzymatic activity after
531 incubation was determined by adding 60 uL of 5 MM ONPG and incubation for 1 min at room
532  temperature. After, 300 uL of 1 M Na>CO3 was added to stop the reaction, and the absorbance of
533  the solution was read at A = 420 nm. For in vitro hydrogel experiments, lactase (0.20 mg) was
534  suspended in 60 pL hydrogel solution (0.5% alginate/5% w/v 4-arm PEG-maleimide) and cast in
535  crosslinker solution (200 mM CaCl2/10 mM PEG-SH). Alginate-only hydrogels were prepared in
536 200 mM CaCl; solution only, and both hydrogels were prepared with and without CaCO3 (42.68
537  mg/mL). Hydrogels were then challenged with SGF for 1 h at 37 °C. After acid incubation,
538 enzymatic activity was quantified as above. For trypsin challenge experiments, lactase-containing
539  hydrogels (60 uL, 0.20 mg lactase) were prepared and incubated with trypsin (40 mg/mL) for 6 h
540 at 37 °C. Free lactase and alginate-only hydrogels were included as controls. Lactase enzyme
541 activity was quantified as previously described, and compared between trypsin-treated samples
542  and naive samples to determine relative absorbance.
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543

544  Encapsulated enzyme activity was tested in rat and porcine models. Rats were fasted overnight
545  prior to administration. The following day, 3 mL of crosslinker solution (200 mM CaClz, 10 mM
546  PEG-dithiol) was administered via oral gavage immediately followed by 1 mL of hydrogel solution
547  (0.5% alginate/5% w/v 4-arm PEG-maleimide with 0.24 mg lactase). Calcium carbonate (42.69
548 mg) was included either in the crosslinker solution (separate) or in the hydrogel solution (co-
549  encapsulated). After 1 or 2 h, rats were euthanized, and the hydrogels were collected. Hydrogels
550 were weighed and minced, and enzymatic activity was quantified as described above and
551  normalized by hydrogel mass. Encapsulated enzyme activity was also tested in Yorkshire pigs.
552  Hydrogels were administered via endoscopy into the stomach: first, 200 mL of crosslinker (200
553  mM CaCl2/10 mM PEG-dithiol) was administered followed by 20 mL of 0.5% alginate/5% wi/v 4-
554  arm PEG-maleimide containing lactase (40.45 mg) with or without co-encapsulated CaCOs (2 g).
555  After 6 h, hydrogels were retrieved, and lactase activity was quantified as described above.

556

557  Bacteria encapsulation in LIFT hydrogels

558 E. coli Nissle 1917 was isolated from commercially available Mutaflor capsules on LB-agar plates
559  (BD 240230). This strain was transformed with the plasmid pAKIlux2 (Addgene 14080) to create
560 a constitutively bioluminescent E. coli Nissle 1917 strain. Bioluminescent E. coli Nissle 1917 was
561  routinely cultured on LB-agar plates at 37 °C or in LB in culture tubes shaken at 37 °C containing
562  ampicillin (100 pg/mL). The bacterial concentration in overnight cultures was determined by
563  measuring the ODsoo, and the cells were pelleted by centrifugation and resuspended in PBS at the
564  target concentration.

565

566  To determine bacteria activity in SGF pH 1.77, bacteria (1x108 CFU, 68 pL) was added to 132 pL
567  SGF or PBS and incubated for the indicated timepoints. Bioluminescence was recorded using a
568  plate reader (Infinite 200, Tecan).

569

570  Forinvitro hydrogel experiments, bacteria (1x108 CFU) was suspended in 60 uL hydrogel solution
571  (0.5% alginate/5% wi/v 4-arm PEG-maleimide) and cast in 1 mL of crosslinker solution (200 mM
572  CaCl2/10 mM PEG-SH) with and without CaCO3 (7.5 mg/mL). Hydrogels were transferred to 100
573 pL SGF for 3 h at 37 °C, 100 RPM. After acid incubation, hydrogels were transferred to a white
574  96-well plate and analyzed for bioluminescence. Hydrogels were then transferred to 1 mL LB
575 media and incubated for 4 h, 37 °C, 100 RPM. After, the supernatant was collected and analyzed
576  for bioluminescence.

577

578  Encapsulated bacteria activity was tested in porcine models. Hydrogels were administered into the
579  stomach of anesthetized pigs via endoscopy: first, 200 mL of crosslinker (200 mM CaCl2/10 mM
580 PEG-dithiol) was administered followed by 20 mL of 0.5% alginate/5% w/v 4-arm PEG-
581  maleimide containing bacteria (1.6x10*® CFU) with or without co-encapsulated CaCOs (2 g). After
582  6-8 h, hydrogels were retrieved, and bacteria viability was quantified using an in vivo imaging
583  system (PerkinElmer). This experiment was repeated 3 times in different pigs.

584

585  Statistical analysis
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586  Foralltests, an o.=0.05 was set for statistical significance. Single comparison tests were performed
587  using a Student’s t-test, and multiple comparisons were performed using a one-way ANOVA with
588  post-hoc Tukey’s multiple comparisons test.
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Figure 1. Overview of LIFT (liquid in situ-forming and tough) hydrogels. A. LIFT hydrogels form within the stomach after oral
administration of (1) a crosslinker solution comprising CaCl, and a dithiol-containing compound, followed by a (2) polymer solution
comprising alginate and 4-arm PEG maleimide. These two solutions (3) mix within the stomach to form a tough double-network
hydrogel (4) within the stomach. B. Schematic of the polymers and reagents used to facilitate crosslinking. Materials were selected due
to their established safety profiles. Both a poly(ethylene glycol)-dithiol and dimercaptosuccinic acid (DMSA) were investigated as a
dithiol crosslinker. C. Left: LIFT hydrogels may act as controlled release depot through encapsulation of water-insoluble drug that
gradually dissolves and diffuses from the hydrogel. Middle, right: LIFT hydrogels enable co-encapsulation and co-localization of
therapeutic microbes or enzymes and excipient (e.g., CaCO3) that modulate local pH and protect against proteases.
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Figure 2. In vitro characterization of LIFT hydrogels. A. Left: load-strain curves of LIFT hydrogels comprising 0%, 5%, or 10% w/v
4-arm PEG-maleimide crosslinked in CaClo/PEG-dithiol for 20 min, 37 °C, 50 RPM. Right: load at 90% of the different hydrogel
compositions; n = 4 hydrogels were tested. B. Images of various compositions of hydrogels before and after 90% strain. Scale bar: 5
cm. C. Load-strain curves of LIFT hydrogels formed in various % v/v mixtures of gastric fluid in water containing CaCl/PEG-dithiol.
D. Gelation kinetics of LIFT hydrogels immersed in a crosslinker bath comprising CaCl./PEG-dithiol at 37 °C, as characterized by
rheology. E. Cumulative release of 155 kDa dextran and 20 or 100 nm nanoparticles from alginate and LIFT hydrogels. Hydrogels were
incubated in SGF or SIF for the indicated time periods. *p-value < 0.05; **p-value < 0.01; ****p-value < 0.0001. Bars represent mean
* standard deviation.
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Figure 3. In vivo characterization of LIFT hydrogels. A. Hydrogel geometries after in vivo formation in pigs. LIFT hydrogels were
formed by endoscopic administration of crosslinker solution (200 mM CaCl2/10 mM PEG-dithiol) followed by polymer solution (0.5%
alginate/5% w/v 4-arm PEG-maleimide). Scale bar: 5 cm. B. X-ray imaging of LIFT hydrogels in pigs throughout time. Shown is
representative of n = 3 independent experiments. C. Load-strain curves of alginate or LIFT hydrogels after retrieval from pig stomachs.
Hydrogels were characterized by 5 cycles of 90% strain. D. Maximum loads experienced by alginate or LIFT hydrogels throughout 5
cycles of 90% strain. E. Images of retrieved alginate or LIFT hydrogels before and after 90% strain. **p-value < 0.01; ***p-value <
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Figure 4. Pharmacokinetics of various oral lumefantrine formulations. A. Plasma lumefantrine concentration over time of free
lumefantrine and lumefantrine (960 mg) encapsulated in alginate or LIFT hydrogel. For each treatment, n = 3 pigs were tested. B.
Lumefantrine area under the curve (AUC) of each formulation. C. Maximum observed lumefantrine concentration (Cmax) of each
formulation. *p-value < 0.05; **p-value < 0.01. Bars represent mean = standard deviation.
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Figure 5. LIFT hydrogel co-encapsulation of CaCOs protects lactase activity after oral delivery. A. Lactase activity, as measured
by ONPG assay, after various incubations times in PBS or SGF at 37 °C. Absorbances were normalized to that of lactase incubated for
0 min in PBS. B. Lactase activity after hydrogel encapsulation with or without CaCO3 co-encapsulation and incubation in SGF for 1 h.
Absorbances were normalized to that of alginate/CaCOz. C. Lactase activity of various treatment after trypsin treatment. Absorbances
were normalized to that of treatment without trypsin. D. Activity of lactase encapsulated in LIFT hydrogels after 1 h in rat. CaCO3 was
administered separately (LIFT+CaCO3) or co-encapsulated (LIFT/CaCO3). Absorbances were normalized by hydrogel mass; n =5 rats
were tested for each treatment. E. Activity of lactase encapsulated in LIFT hydrogels after 2 h in rat. Absorbances were normalized by
hydrogel mass; n = 4 or 5 rats were tested for each treatment. F. Activity of lactase encapsulated in LIFT hydrogels after 6 h in pigs.
Absorbances were normalized by hydrogel mass; shown is representative of n = 3 independent experiments. *p-value < 0.05; **p-value
<0.01; ***p-value < 0.001; ****p-value < 0.0001. Bars represent mean * standard deviation.
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Figure 6. LIFT hydrogel co-encapsulation of CaCOs protects bacterial activity. A. Bioluminescence of luciferase-expressing E. coli
Nissle 1917 bacteria after various incubations times in PBS or SGF at 37 °C. Bioluminescence was normalized to that of bacteria
incubated in PBS at each time point. B. Bioluminescence of bacteria encapsulated in LIFT hydrogels with or without CaCO3 and
incubated in SGF for 3 h. C. Representative images of culture tubes containing LB culture medium after bacteria-containing LIFT
hydrogels were challenged with SGF and then incubated in the culture tubes for 4 h at 37 °C. Cloudiness of medium indicates viable
bacteria remain inside the hydrogel. D. Bioluminescence quantification of media supernatants from panel C. ****p-value < 0.0001. Bars
represent mean + standard deviation.
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646  Table 1. Porcine blood chemistry after LIFT hydrogel administration

creatinine

baseline 131.0 £ 25.7 18740 41.7+6.8 8.7+0.6 11+0.1
24 h 132.3+225 223+172 41.7+6.1 12745 12+0.2
48 h 115.0+ 16.5 22.3+55 38.7+5.9 9.0+1.7 11+0.2

647  ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine transaminase; BUN, blood urea nitrogen. Baseline: sample
648  was collected before LIFT hydrogel administration. An n = 3 pigs were tested.
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